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ABSTRACT

Tuberculosis, caused bylycobacterium tuberculosigs responsible for over 1 million

deaths per year. Bedaquiline is a key antibiotic in the treatment of -desgstant

tuberculosis and its discovery stirred an interest in developing therapies targeting
Y&O20F OGSNRARLFE 0A2Sy S NHi®pbkadck, dsevéad idathpatle 6 SR |j dz
models for itsmode of actionhave developed: that it acts as a direct inhibitor of
mycobacterial ATP synthase or that it disrupts the proton motive force through

protonophare or H/K* ionophore action.

Noninvasive techniques applied to living cells offer the potential of monitoringtneed
changes in bioenergetic systems. To this end, visilaleelength remission spectroscopy
and 3P NMR are applied here to better understand mycobacterial bioenergetics and
dzy N} @St 0 Sdeiéofjadaiori. A y SQa Y

Visiblewavelength remission spectroscopy was used to examine the effects of
bedaquiline on the mycobacterial oxidative phosphorylation systeriiycobacterium
smegmatisand Mycobacterium tuberculosiComparison between these effects and
those of established bioenergetic inhibitors and protonophores/ionophores show
bedaquiline acts as a direct inhibitor of ATP synth&geriments with cytochrombd
oxidaseknockout strains demonstrate the oxygen consumption increase observed on

bedaquiline addition is deito an increase in activity of cytochrorbd oxidase

The use of'P NMR to study metabolism in live cells was explored: experiments on
unoxygenatedvlycobacterium smegmatisultures demonstrate that this method can be
used to monitor levels of phosphorylated metabolites. A system for oxygenating and

mixing bacterial cultures during NMR experiments was developed for future use.

Establishing thatbedaquiline acts as a direct inhibitor of ATP synthase allows
rationalisation ofits synergy with other compounds aifat its role in future combination
regimes to be evaluated. The NMR data sets the scene for others to measure the effect
bedaquiline has on the ATP/ADP ratioliie mycobacteriato further understandhow

inhibition of ATP synthase eventually leads to cell death.
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1. INTRODUCTION

1.1. ANINTRODUCTION MYCOBACTERIA

1.1.1.Characteristics of mycobacterial cells

The genus namé/lycobacteriumwas established in 1896, with the prefix myco
coming from the Greek word for fungus and referring to the tendency of bacteria in
this genus to grow colonies that appear to be molike on liquid media (Lehmann

and Neumann, 1896)At the time of writing the List of Prokaryotic Names with
Standing in Nomenclature (LSPN) recognises 197 species as belonging to the genus
and having been validly published (Parte et al., 2028rte, 2024 This list features

both obligate pathogens and environmental bacteriayith some acting as

opportunistic pathogens while otheremain unlinked to disease.

Despite the variation in environmental nichegbgere are several key features that
unite the members of this genu&ll Mycobacteriumspecies possesscharacteristic
cell wall comprised dd layer of peptidoglycan closest to the cell membrane, followed
by an arabinogalactan layerhich is itself covalently joined tmycolic acidsi -
hydroxy fatty acids containing around-80 carbon atomgfigure1.1) (Greenwood et
al., 2007) An additional layer of free polysaccharides, proteins and lipidsi$ a
capsule around the cell walvith the exact composition of this layer depending on

the speciegDaffé and Draper, 199®ereira et al.2020).

The mycolic acids in mycobacterial cell walls make themfasig meaning after the
bacteria have been stained, they do not readily decolourise on treatment with acids
used in classic staining procedurddis property means that iGram stain tests
mycobacteria appear only faintigram-positive orGram-neutral (Trifiro et al., 1990;
Fisher et al., 1990§lespite the fact they do not possess an outeembrane and have

a thick peptidoglycan layer likeram-positive bacteriaThe lack of a clear Gram stain
test result has led to mycobacteria being ascribed @Gam-positive label based on
these traits alone in literatureQook et al., 200Forbes et al., 2018), however this is

somewhat controversialThe hydrophobic nature of the mycolic acid layeeans it
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has some similarities to the outenembranes ofaram-negative bacteri#Greenwood
et al., 2007)and so mycobacteria do not neatly fall into eitlbe Gram-positive or

Gram-negative category

Free lipids, polysaccharides

rrfainfer i

Mycolic acids

OO st

Peptidoglycan

Periplasm

535053575355 5755 00 155D esma e
SEEBEBESEEEE)8&E

Figure 1.1 The structure of mycobacterial cell walls. The exact composition of the
mycolic acid layer as well as the capsule of free lipids, polysaccharides and proteins

depends upon the individual species.

Some other notable traits of mycobacteria are that they abdigate aerobeshave

rod-shaped celland do not sporulat€Cook et al., 2009raag et al., 2010¥hey are

also generally considered to be namtile, althoughMycobacterium marinun{M.

marinum has been observed tdisplay actinrbased motility under intracellular

conditions a strategy employed by bacteria across multiple genera that involves
stimulating polymerisation of actin in host celBtamm et al., 20038iding motility

has alsdbeenreported in some mycobacterial speci@dartinez, Torello and Kolter,

1999), with sliding being defined as a type of movement across a surface reliant on

GKS YIFIGSNALFE& GKFG YI1S dzLd I OStt Qa SEG SN

cell and the surface (Henrichren, 1972).

Mycobacteriacan be categorised by growth rat§ecies that form visible colonies on
solid media irunder 7 daysare referred to as rapity growing mycobacterigKim et

al., 2013). Specig¢bat take over 7 days to form colonies are described as glowing

13



mycobacteria Slow growing mycobacterieaan be further categorised into one of
three groups depending on their pigmentation using a system devised by Runyon
(Runyon, 1959)Group | is made up of species that produce a pigment on exposure to
light, otherwise known as photochromogens, while group Il species are
scotochromogens, meaning they produce a pigment under light and dark conditions.
The remaining nonchromogens, spedieat do not produce pigment, are sorted into
group Illl. Rapidly growing mycobactexi are also described by the Runyon

classification system, with all of them being placed into a single gignapip 1V).

Recently there has been some debate over whethemityeobacteriungenus should

be split intofive separate generaycobacteriumMycolicibacteriumMycolicibacter
Mycolicibacillusand Mycobacteriodes Previously assortment of species into the
Mycobacteriumgenus was mostly based upon 16S rRNA analysis along with the
physical characteristics of cells (Rogall et al., 198hl and Urbance et al., 1990

with comparison of housekeeping gesequencedeing used tdurther define the
phylogenetic relationships between spec{&iillemin, Cambau and Jarlier, 198%&m

et al., 2005Tortoli et al., 2012 In 2018 Gupta et alexaminal the whole genome
sequences of 150 mycobacterial species and found these species could be sorted into

one of five distinct clades (Guptho and Sor2018).

The result of this study was the proposal that thycobacteriumgenus should be
reclassified to include only members of one clade, with other mycobacteria being
sorted into one of the other four genera listed aboyes. pathogenic mycobacteria are
split across these new genera, there has been some reluctance to ddeptew
nomenclatureover concerns it may result in confusionarelinical setting(Tortoli et

al., 2019; Armstrong and Parrish, 202A¥lditionally, a later studwhich considered

the percentage of conserved proteins along with the alignment fractionaarelage
nucleotide identity of 146 mycobacterial species and @ther bacterial species in the
Corynebacteriaceatamily, found this approach did not support the proposed split
(Meehan et al., 2021)

Currently,Mycobacteriums considered to be synonymous with the newly introduced

genera. To limit confusigrand based on the new evidence provided, this report will

14



use only the genus namilycobacteriumto refer to the bacteria in all five of the

newer genera.

1.1.2.An overview of theange of diseases caused by
mycobacteria

The most commorhuman diseaseresulting from infection withmycobacteriais
tuberculosis(TB) caused by members of thdycobacterium tuberculosisomplex
(MTBC) The MTBC is comprised séveralspecies known to cause tuberculosis in
humans and/or animalswith the validly published members beilMjycobacterium
tuberculosis (M. tuberculosis), Mycobacterium africanum (M. africanum),
Mycobacterium bovis (M. bovis), Mycobacterium caprae (M. caprae), Mycobacterium
pinnipedii (M. pinnipediipnd Mycobacterium microti (M. microtiiGagneux, 2018;
Parte et al., 2020; Parte, 20R4

TB is currently the leading cause of death due to a single infectious/agemiex
worldwide (World Health Organisation, 2@3). Each year there are over 1 million-TB
related deaths, with an estimated25million occurring ir2023, accompanied by 18.
million new cases in the same yeaAs well as causing active infections, MTBC
members are able to persist in hosts without causing symptoms and tlefersed to

as latent TBKiazyk and Ball, 2017Around one quarter of the global population is
thought to be infected with MTBC bacilli, and it is estimateti0So of these latent
infections will go on to develop into the active form of the dise@idforld Health
Organisation20249. Thisreactivation is complex and not fully understood, however
it is known that comorbiditiessuchas HIV coinfection and diabetes, greatly increase
the risk of reactivation of a latent TB infection, likely due to their intpam the

immune system (Kiazyk and Ball, 2017; Ngo, Bartlett and Ronacher, 2021).

TB most commonly affects the lungs (pulmonary TB), with TB infection in any other
organ being referred to as extrapulmonary Btrapulmonary TB cases account for
around one in five diagnosed TB casesl extrapulmonary TBs more common in
immunosuppressed individual&olden and Vikram, 20035ambhir et al., 2017
although it should be noted the definition of extrapulmonary TB varies depending on

region. In the UK, infection of the pleura with TB is labelled as pulmonary TB, whereas
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in the USA it is regarded as extrapulmonary (OBaisson and Nachega, 2010)
Symptoms of pulmonary TB include a persistent but initially-piaductive cough

that may progress to production of bloextained sputumalong with fever, malaise

and night sweats. It is also common for pulmonary TB infection to result in a loss of
appetite and weight loss, with the impact of these symptoms on patiesgslting in

the disease being historically referred toRisthisisthe Greek word for consumption
(Moonan, 2018)In the case of extrapulmonary TB, the exact form the disease takes

is dependent on where the infection is locat@@haisson and Nachega, 2010)

Somespecieshow a high host specificity for humamamelyM. tuberculosiand M.

africanum(Brites and Gagneux, 201%)ases of animal infection witl. tuberculosis

have been reported but these are usually believed to be due to hutbamnimal

transmissiond h QWSAft t & YR 51 02NY> mMdphppT hOSLIST Si
Other members of the MTBC are also known to catBie@ humans, with the majority

of these cases arising from infection with bovisand M. caprae M. bovishas the

largest known host range of all members of th&BZ, with domestic cattle acting as

the primary source of human infectiahh QwWS A f £ & | y\hileSchpddd &Y = M php
as the main animal reservoir d. caprae(Rodriguez et al., 2011yogetheM. bovis

and M. capraeaccouwnt for approximately 13% of human cases, with almost all of

these cases being a result of zoonotic transmiséidiller et al., 2013)

While studies have shown it is possible for members of the MTBC to persist in the
environment for a number of months (Fine et al., 2011; Velayati et al., 2015), the main
sources of exposure are from animal and human reservoirs, with bacteria being
transmitted from hostto-host. Humanto-human transmission mainly occurs via
respiratory droplets (Riley et al., 1959; Yates et al., 200bile consumption of
unpasteurised diry products is a major driver of zoonotic transmissiGosivi et al.,

1998;Collins ¢al., 2022.

Leprosy ishe second most common mycobacterial disease in humans, although it is
significantly less prevalent than TB, wétound174,000 new cases reported in 2022
(World Health Organisation, 2028 The disease is caused by the intracellular

pathogensMycobacterium lepraeM. leprag and Mycobacterium lepromatosis\.
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lepromatosi3, with neither able to becultured in vitro. In addition to infecting
humans M. lepraeis also known to infect armadillpsome noshuman primatesand,
more recently, has been found in red squirrel populations in th&Meyers et al.,
1991, Hamiliton et al., 200&vanzi et al., 2016pamples oM. lepraechavealsobeen
found in the environment but hogib-host transmissiorvia respiratory dropletss

believed to be the major driver of new infectio(Rloemacher et al., 2020)

Leprosymainly affects the peripheral nervous system and skin, with symptoms often
including numbness in affected areas and skin lesjboskwood, 2010)The severity

of disease depends upon the immune response of the ,hegh leprosy infections
existing ona scale between two extremed strong celmediated immune response
reduces the ability of the bacteria to replicate resulting in a less severe infection
referred to as tuberculoid leprosy. Lepromatous leprosy describes cases where there

is no effective celinediated immune response and thus a greater bacterial load.

M. lepraewas thought to be the only causative agent of leprosy iMtilepromatosis
wasfirst isolated from a leprosy patient in 20@Blan et al., 2008with subsequent

and retrospective diagnoses linking the species to other leprosy cases in h([Degorss

and Collin, 2021)LikeM. leprag M. lepromatosishas been detected in red squirrel
populations(Avanzi et al., 2016but thus far does not have any other known natural
hosts besides humans. Given the relatively recent discovery of the species, it is

possible further natural hosts may be found in future studies.

All other mycobacterial species are grouped together under the termtabarculosis
mycobacteria (NTM) and are environmental organisfsiumber of these species,
particularly slowgrowing mycobacteria, are capable of causing disease in humans,
often in immunosuppressed individuglSollins, 1989)These infections can manifest

in anumber of ways depending on the species responsible and the site of infection.
The four main manifestationsre chronic pulmonary disease, especially where there
is already damage to lung tissue, swelling of the lymph nodes (lymphadenitis), post
inoculation skidesions or abscesses and disseminated dis¢@sange and Davies,
2010) Only two infections resultinffom NTM bacteria are recognised as their own

distinct and named diseases, with these being Buruli ulcer, causktytybacterium
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ulcerans(M. ulcerand and aquarium granuloma (also known agwimming pool/fish

tank granulom@ caused byl. marinum

There were slightly under 2000 suspected cases of Buruli ulcer in 2023 (World Health
Organisation, 2024). The disease usually first presents as a painless subcutaneous
skin nodule which proceeds to ulcerate 1 to 3 months after infec{Meyers and
Portaels, 2010)The size of the resulting ulcer is variable, especiallyispassible for

the bacteria to disseminate and spread outwards from the affected area. In addition
to the disfiguring, and sometimes debilitating, effect of the disease, there is also a risk
of secondary infection at the site of the ulc@peli and Yeboallanu, 2019)
Currently the mode of transmission is poorly understood. Infections are believed to
arisefrom skinbeing inoculated wittM. ulceranssiacoming into contact witlinfected

water, however insect vectors have also been proposed to contributelisease

spread(Merritt et al., 2010)

Aquarium granuloma presents as lesions in the skin which often resemble warts
(Grange and Davies, 201@ue to the relative rarity of the infection, it is less well
documented comparetb the other three named mycobacterial diseases. In the USA
the annual incidence rate isstimated to be between 0.08.27 cases per 100,000
adults per yeafAubry et al., 2017As the name implies, the disease is acquired from
breaks in the skin barrier being in contact with water infected wWth marinum
(Grange and Davig 2010)

Other species of mycobacteria responsible for NTM infections includeapielly
growing Mycobacterium abscessu®l. abscessys Mycobacterium cilonae (M.
chelonae) and Mycobacterium fortuitium(M. fortuitium) (Grange and Davies, 2010)
All three of these species are capable of causing pulmomratgneous osoft tissue
infections depending on the route of infectiohhemost common cause of pulmonary
infection with rapidly growing mycobacterias M. abscessugGriffith, Girard and
Wallace, 1993Esther et al., 2000which is also notable for havimgrinsic resistance
to several antibiotics usedgainstother mycobacterial infections, making it difficult

to treat (Luthra, Rominski and Sander, 2018)
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The most commorslow growing mycobacterieinown to cause pulmonary disease
include the members of th&lycobacterium aviun{M. avium) complex(MAC) along

with Mycobacterium kansas{M. kansas), Mycobacterium gordonaéM. gordonag

and Mycobacterium xenogiM. xenop) (Hoefsloot et al., 2013).ransmission routes

are currently not well understood, however as mycobacteria are known to exist in
various water sources, including inside household plumbing (Honda et al., 2016), it is
believed exposure to contamated water, particularly aerosols, is the main source of
infection (Falkinham, 2013; Morimoto et al., 2018)here is also evidence for hdst

host transmission dil. abscessu@ryant et al., 2016)

Cutaneous andddt tissue infections causedy the rapidly growing mycobacteria
listed above Bbng with the slow growing Mycobacterium haemophim (M.
haemophiim) andMAC are usually linked to some form of inoculation via trauma or
invasive proceduregLindeboom et al., 2011; Wi, 201%xamples of where such
transmission has occurred include surgeriegith a number being cosmetic
procedures (Meyers et al., 2003ax et al., 2015hen et al., 2024 tattooing (Drage

et al., 2010Giulieri et al., 2011)and acupuncturéKoh et al., 2010)Much like with
pulmonary infections, the contamination is thought to come from mycobacteria in
water supplieseither through direct contact or vieontaminated watebeing usedo

clean instruments followed by improper sterilisation.

Overal] mycobacterial infectiongsummarised in table 1.1epresent a significant
global health burden, with the majority of this being due to TB. Other mycobacterial
diseases, although less prevalent, still have a dramatic effect on the quality of life of
infected individuals, from both a health ansbcial perspective in the case of
disfiguring infections like leprosy and Buruli ulc&o develop and best exploit
treatment options for mycobacterial diseases, it is of vital importance that we have a

thorough understanding of the biology of these organisms



Table 1.1 Most common mycobacteria associated with human infectieor. NTM
infections the most commorforms of diseasdor each species are listedhe
abbreviations RGM and SGM are used in place of rapidly growing mycobacteria and

slow growing mycobacteria respectively.

Species Associated RGM or  Associated Main (suspected)
complex  SGM disease transmission route
M. tuberculosis MTBC SGM Tuberculosis Personto-person

respiratory droplets

M. africanum MTBC SGM Tuberculosis Personto-person,

respiratory droplets

M. caprae MTBEC SGM Tuberculosis  Animalto-person

respiratory droplets

M. bovis MTBC SGM Tuberculosis Animaho-person
respiratory droplets

and contaminated

dairy
M. leprae M. leprae  SGM Leprosy Personto-person and
complex animakto-person

respiratory droplets

M. lepromatosis M. leprae SGM Leprosy Personto-person
complex respiratory droplets
M. ulcerans n/a SGM Buruli Ulcer  Skin injury in contact

with contaminated

water
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M. marinum n/a SGM Aquarium Skin injury in contact

granuloma with contaminated
water
M. abscessus M. RGM  NTM infection Contaminated
abscessus (pulmonary, water/surface(person
complex cutaneous and to-person recorded)
soft tissue) (aerosols,
injury/surgery)
M. chelonae n/a RGM NTM infection Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. fortuitum n/a RGM NTM infection Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. avium MAC SGM NTM infection Contaminated water

(pulmonary,  or surface(aerosols,
lymphadenitis injury/surgery)
and

disseminated)

M. intracelluare MAC SGM NTM infection Contaminatedvater
(pulmonary,  or surface(aerosols,
lymphadenitis injury/surgery)
and

disseminated)
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M. chimera MAC SGM NTM infection Contaminated water
(pulmonary, or surface
cutaneous and (aerosols,
soft tissue) injury/surgery)
M. n/a SGM NTM infection Contaminated water
haemophilum (cutaneous or surface
and soft (injury/surgery)
tissue)
M. kansasii n/a SGM NTM infection Contaminated water
(pulmonary) (aerosols)
M. xenopi n/a SGM NTM infection Contaminated water
(pulmonary) (aerosols)
M. gordonae n/a SGM NTM infection Contaminated water

(pulmonary)

(aerosols)

1.2.EVOLUTIONF MYCOBACTERIA

1.2.1.The divergence afapidly growingandslow growing
mycobacteria

Genetic evidence points towards one of the early major divergences in the course of
mycobacterial evolution being the split aflow growingand rapidly growing
mycobacteriafrom a rapidly growing common ancestor (Devulder, de Montclos and
Flandrois, 2005). Comparison of the genomes of 157 mycobacterial species revealed
distinct differences between the genomes sfow growing and rapidly growing
mycobacteria with a couple of exceptions where species display a slow or
intermediate growth phenotype but genetically resembleapidly growing
mycobacteriaand one examplewhere the reverseis true (Bachmann et al., 2019).

These outliers appear to be#escended from theslow growing ad rapidly growing
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mycobacteriacommon ancestors respectively and later evolved to have different

growth rates.

Slow growing mycobacterianly possess one 16S rRNA cistron compared to the two
16S rRNA cistrons found in nearlyrapidly growing mycobacteriand this difference
has been proposed toontribute to the growth rate difference between the two
(Primm, Lucero and Falkinham, 2004). It should be noted howeveMhabscessus
and M. chelonagtwo rapidly growing mycobacterjalso possess only one 16S rRNA
cistron demonstratingthe growth rate of mycobacteria is determined by a number of
factors (Prammanana et al., 1998) Another genetic difference betweeslow
growing mycobacteriandrapidly growing mycobacteritat may also affect growth
rate are thatrapidly growing mycobacteripossess a larger number of genes related
to amino acid transport, metabolism and transcription comparedskow growing

mycobacterigBachmann et al2019).

Comparison of genomes from 187 mycobacterial spadgesonstratedsiow growing
mycobacteriagenomes areoverall smaller and contain fewer genes thaapidly
growing mycobacterigenomes (Zhang et al., 2023he genes found to be enriched
in slow growing mycobacteriare associated with cellular defence and virulence
(Bachmann et al., 2019These include the ESXType Il section system, which plays
a key role irtranspotting PPE proteins, another set of gemgsiched inslow growing
mycobacteriavhich have been implicated to have a role in immune evagtorréllad

et al., 2013; Saini et al., 2016).

1.2.2.The emergence of pathogenic mycobacteria

There are two groups of mycobactdrgpecies which display a pathogenic rather than
a mainly environmental lifestylewith these being the MTBC and ti\. leprae
complex. The current theoryon how this lifestyle change occurred is that an
environmentalMycobacterum ancestor was taken up and then adapted to survive
inside freeliving protozoa (Gagneux, 2018). As the bacterium accumulated
intracellular survival strategieswith these allowingevasion ofdigestion by the
protozog it gained the ability to survive inside mammalian macrophages, and later,

the ability to be transmitted from hosio-host.
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Evidence for this theorgomes in the fact that environmental mycobacteria today are
found in the same environments as amoeba (soil and wagirjvival of mycobacteria
inside amoeba has been demonstrat@dvitroand acidfast staining has been used to
visualise mycobacteria inside of amoebaquired fromenvironmental samples
(Adékambi et al., 2006; Lahiri and Krahenbuhl, 2008; Delafont et al., 2044d).
guestion of when this change from environmental bacteria to pathogen occurred in
the course of the emution of mycobacteria remainsThe ability of numerous
mycobacteria to cause human and animal infection suggests traits allowing
mycobacteria to survive in intracellular environments have been acquired throughout
the evolution of members of thgyenus with the MTBC andV. leprae complex
representing unique events of acquired hdethost transmission ability at the

expense of environmental survival.

The MTBC anaVl. lepraecomplex areboth groups ofslow growing mycobacterja
indicating adoption of the pathogenic lifestyle must have occurred after the
divergence ofapidly growingand slow growing mycobacterié&several phylogenetic
trees for the Mycobacteriumgenus have been assembled based on sequence
similarityof select proteins or rRN&im et al., 2005; Han et all., 2009n et al., 2014)

The relationships drawn between different mycobacterial species vary depending on
the method of analysis, howeved. lepraehas beendentified as being more closely
related tothe environmentalM. haemophilumthan to M. tuberculosigTufariello et

al., 2015. This indicates the separation of the common ancestors ofMhdeprae
complex and the MTBC occurred before the conversion to a pathogenic lifestyle.
Therefore, two mycobacterial ancestepecies madehe jump from environmental

organisms to surviving inside and relying on transmission between mammalian hosts.

1.2.3.Evolution of the MTBC

There is some debate over when the divergence of the MTBC occuitbdlifferent
estimates placinghe most recent common ancestor of the compbe<having existed
70,000 years agoor less than @00 yearsago(Comas et al., 2013; Bos et al., 2p14
This latter estimate does not match ancient MTBC DNA findings recovere 006

11,000yearold human remains fronthe Eastern Mediterranean region (Hershkovitz
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et al., 2008; Baker et al., 2018)side from ancient DNA, evidence for the presence of
humanadapted TB in ancient civilisations exists in the forrhuwhan remains with

spinal deformities characteristic of TB infection of the sging 2 6y | & t 203G 0 Qa
and written recordsOne of the oldest known examples of the formsra skeleton
discovered in Italy, with radiocarbon dating placing these remains as being from
somewhere between 4008500 BC (Formicola, Milanesi and Scarsini, 19@1)e the

oldest known written record comes from India and is thought to be from 3000

BC (Barberis et al., 2017hese ancient skeletal remainwdicate the presence of
humanadapted TB around 55006,000 years ago however without
genetic/molecular evidence, it is impossible to draw conclusions about the strain

responsiblgfor the observed lesions

It was originally theorised thakB was passed from domestic animals to humairith

M. bovisbeingthe most likelycandidate for this infection that later evolved inid.
tuberculosisand M. africanum(Manchester, 1984 Stead et al., 1995This theory
arose due to the human specificity df. tuberculosigelative to the broader host
range ofM. bovis with animaito-human transmission deemed more likely than the
possibility of the frequent humato-human spread required to sustaii.
tuberculosisn ancient human population§&enetic analysigas since revealetthe M.
bovisgenome is smaller than that &f. tuberculosismaking it much more likelyl.
bovisevolved fromM. tuberculosigBrosch et al., 2002). Mapping deletions acrglss
bovis, M. africanunandM. microti, a rodentadapted member of the NIBC, genomes
relative to M. tuberculosisreveals these three species likely belong to the same

lineage, withM. africanumbeing the most similar té. tuberculosis

The place of origin di. tuberculosis as well as wher®l. africanumdiverged, is
thought to be Africa. ModerM. tuberculosisndM. africanumstrains can be divided
acrossninedistinct lineages (table 1.2). Two of these, L2 and L4, show a global spread,
while others are more regiospecific, with ive lineagesbeing restricted to specific
areas in Africa, the only continent where all lineages are pre@égabonziza et al.,
2020 Coscolla et al., 202Netikul et al., 2021Phyu et al., 2022These lieages also

correspondo differences in disease outlodkor examplel.1 has a higher case fatality



rate and is associated with infections in older patients whitestrains are more likely

to be multidrugresistant.

Table 1.2 The different lineages of the human specific species of MnBGheir

distribution
Lineage Species Geographical distribution
L1 M. tuberculosis East AfricaSouth and
Southeast Asia
L2 M. tuberculosis Africa, Asia and Europe
L3 M. tuberculosis South Asia, North and
East Africa
L4 M. tuberculosis Global
L5 M. africanum West Africa
L6 M. africanum West Africa
L7 M. tuberculosis Horn of Africa
L8 M. tuberculosis African Great Lakes
region
L9 M. africanum East Africa

1.3.PATHOLOGY

1.3.1.Granuloma in mycobacterial infections

Exposure to mycobacteria does not always result in active or latent infections.
Approximately half of those exposed to members of th&B2 test negative for
mycobacterial infectiondemonstrating the ability of the immune system to eliminate

mycobacteria (Lerner, Borel and Gutierrez, 20IrbLases where the immune system
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is unable to fully clear thévlycobacteriumbacilli, they can be contained within a
granuloma. Granulomas amggregates of immune cells that form around sites of
infection and are a key aspect of mycobacterial infectios while they effectively
contain the mycobacterial cells, they alsenge as an environment where these cells

can persist and then potentially reemerge from.

The process of granuloma formation is as follows: ulgijeobacteriunbacilligaining
entry into the hostthe innate immune system identifies them as foreign and they are
engulfed by macrophages. The usual progression of immune defence would see fusion
of the phagosome containing the bacillith a lysosomeand subsequent destruction

of the invading pathogenMycobacteria, howeverare able to avert this process
(Armstrong and Hart, 197 1ith several mycobacterial cell wall lipids having been
found to efiectively block phagosome/lysosome fusi@@®oren et al., 1976; Indrigo,
Hunter and Actor, 2003; Hmama et al., 200%he infected macrophages release
cytokines to recruit to further macrophages and other immune cells to the site of
infection(Ehlers and Schaible, 201Zhe result i granuloma; atructurecomprised

of a layer olymphocytessurroundinga core othealthy and infected macrophagest

this point the bacilli are effectively contained, and TB, this is what constitutes a
latent infection where the infected individual is asymgmatic and norinfectious
Inside the granuloma, the bacilli have limited access to oxygen and nujri@viever
mycobacteria are ableo alter their metabolic state, allowing them to survive under

these conditions with little to no replication (Rustad et al., 2009).

Over time the cells in the centre of the granulommeay undergo necrosis, with the
resuling debris being referred to as caseum. This type of granuloma is known as a
caseous necrotic granulomand in these structures th&lycobacteriumbacilli will
move into the caseun{Alsayed and Gunosewoyo, 202%) is also possible for
fibroblasts, collageiproducing cells that can be recruited into granulomasform a
fibrous layeraround the granuloma, forming a fibrotic granulorfidcCaffrey et al.,
2022).The outer layer of fibrotic granulomas can then be mineralised, forming a fibro
calcified granulomawith this form typically being associated with latent infections

(Mattila, et al., 2013).
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Under select circumstances, such as HIV infection or other forms of
immunosuppression, the containddycobactemum bacillican become reactivated
Once this occurs, the bacilli will multiply inside the granuloma until the structure of
the granuloma fails and they are released, with the potential to then be transmitted
to a new host in the case of heki-host transmssble infections, i.e. TBnd leprosy

(Alsayed and Gunosewoyo, 2023).

1.3.2.Mycolactones in mycobacterial pathology

Mycolactonesare a group of compounds comprised of arhi@mbered macrolactone
ring, with one sidechain branching from C11 and a second variable polyunsaturated
side-chain branching from C5. They are produceddwy mycobacterial species, with

M. ulceransand M. marinumcurrently being the only known mycolactoqpeoducing
mycobacteria to infect human#ong et al., 2008)0Only select strains &fl. marinum
produce mycolactonesyhereas all known strains ™. ulcerangproduce at least one

form of these compounds, with thexact structure depending on the strain.

The ability of select mycobacteria to produce mycolactones is related to the
acquisition of a plasmid (pMUM), likely by a common ancestor which then diverged
into the different species found todafYip, et al., 2007)The exact role of these
compounds in thesurvivalof M. ulceransin the environment is unknowrhowever

they do play a key role in the pathology of Buruli ulddycolactones are cytotoxic
and analgesic, with these properties being responsible for the key symptdvh of
ulcerars infection: a panless ulcer(Yotsu et al., 2018)These compounds also have
immunosuppressive effectand this combined with their cytotoxicity, means that
after an initial period of incubation insidéost cells M. ulceransis a mainly

extracellular pathogeywhich is in contrast to other mycobacte(iduber et al., 2008).

1.4. CURRENIREATMENT OPTIONS FOR
MYCOBACTERIAL INFECTIONS

1.4.1.Firstline TB treatments
Mycobacteriaare intrinsically resistant tanany common antibiotics includinig-

lactamsdue to their unique cell walJarlier and Nikaido, 1994Additionally, finding
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treatments that are able to penetrate granulomas and kill dormant mycobacteria as
well as those that are actively replicating presents another challenge in curing
mycobacterial infectionsAs TB is the most common mycobacterial disease, a

significant number of drugs developed to treat mycobacteria have first been

investigated for activity against the MTBC.

Thecurrentrecommendedreatment for drugsusceptible TB istao-month course

of rifampicin, isoniazid, ethambutol and pyrazinamidellowed by a foumonth
course of just rifampicin and isoniazi/orld Health Organisation, 2088 Isoniazid

was found to be effective against TB in patients in the early 1950s and has been used
as part of standard TB therapy in the decades s{&&dikoff and Robitzek, 1952)s
mechanism, however, was ordgtermined in the late 1990s, with the use of isoniazid
resistance mutants demonstrating isoniazid forms a radical species following
activation with a mycobacterial catalase peroxidg€dakraborty and Rhee, 2015)
This radical reacts with NABNnd the resulting product inhibits the InhA enzyme which

isrequired for biosynthesis of mycolic acids.

Ethambutol was shown to have activity as an dmi drug andvasfirst used to treat
patients in the 1960s alongside isonigzidth it later being incorporated into standard
TB treatment(Ferebee, Doster and Murray, 196®)espite over sixty years having
passed since its discovery, the mode of action of ethambutaiiiisnot entirely
understood but is believed to involve inhibition of arabinosyltransferases which are
used by mycobacteria in the formation of their cell walghang et al., 2020
Rifampcinwas also first used to treat TB in th®60s becomingpart of the standard
treatment for pulmonary TB in the 1970s alongside isoniazid and ethambutol (British
Thoracic and Tuberculosis Association, 19%&nsi, 1983 Rifampicin acts via
inhibiting DNAdependent RNA polymerase and therefore preventing transcription in
mycobacteria (Campbell et al., 200Despite being one of the most potent treatment
options against TB, bacteria can develop a high level of resistance agfaimgiicin
through onestep mutations, thus the need for eamdministration with othe
antibiotics (Goldstein, 2014).



Studies showing the activity of pyrazinamide against the MiFB@iman patients took
place in the 1950s, however there was a high rate of hepatitis when pyrazinamide was
administered to patients alongside isoniazid (McDermott et al., 1954).vidsdater
found to be an issue with dosagend in the 1980¢rialsin whichpyrazinamide was
added to TB treatment regimens featuring isoniazid, rifampicin and ethambutol
demonstrated its inclusion was able to decrease the required treatment time, leading
to the curent recommendedreatment protocol Muschenheim et al., 19550mner

and Angel, 1981)n mycobacterial cells, pyrazinamide is converted to pyrazinoic acid
via the action of an amidag€hakraborty and Rhee, 2019he bactericidal effects of
pyrazinamide are associated with accumulation of this pyrazinoiciaside cells

however the exact mechanism behind tligservationremains unclear

Although the rifampicin, isoniazid, ethambutol and pyrazinamide treatment regimen

is effective, as these drugs have been in use for decades, it is perhaps not surprising
that issues have arisen regarding drug resistaeceestimated410,000 TB cases in
2022 were caused byrugresistant straingWorld Health Organisation, 20BB Both
isoniazidresistant and rifampichnesistant strains occur, witmultidrug-resistantTB

being resistant to both rifampicin and isoniazid

1.4.2.Secondine TB treatments

A push for newer andi B drugs resulted idevelopment ofthe BPaL regimerwhich
involves treatment with bedaquiline (BDQ), pretomanid and linezolid over a period of
six to eighteermonths depending on the individual case. It is currently employed in
the treatment of drugresistant, multidrugresistant and preextensively drug
resistant TBWorld Health Organisatior2023). Preextensively drugesistant TB is
defined as resistance to rifampicin and any fluoroquinolone, while extensively drug
resistart TB harbours the same resistances as the above along with resistance to BDQ
or linezolid Moxifloxacin, a fluoroquinolone, is included in treatmeftrugresistant
cases, with this being known as the BPaLM regirbese. of these regimens in clinical

trials has resulted in around 90% treatment success raté®f al., 202

Linezolidand moxifloxaciwere both initially used in the treatment of other bacterial

infections and were later found to also be active against mycobactéuay, 2006;
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Leach et al., 20)1Linezolid prevents protein synthesis through binding to bacterial
ribosomes while moxifloxacinnhibits DNA gyrase and topoisomerase BDQand
pretomanidwere both developedin the 2000sspecifically to treat TBStover et al.,

2000 Andries et al., 2005When BDQ was approved for use by the FDA in 2012, it
was the first new TB treatment to be approved in over 40 yédoses, 2018 This
alone has made it notable in the history of. G NBF GYSy iG> K26SOSNJI
mechanism of action that has had an especially important impact in the mycobacterial
field. BDQ targets bioenergetics in mycobacteria, a previously neglected target in drug
development that has since been the subject afreasing interestwith this being
detailed in sectios 1.5and 1.6 Pretomanidater gainedFDA approval in 2019, and
although its mechanism has yet to be fully studied, it is known to act as a prodrug,
with the active form believed to target an enzyme used in cell wall syntheBi4,(

2019 Abrahams et al., 2023).

1.4.3.Treatment ofleprosy and NTM infections

The current recommended treatment for leprosy isigto-twelve-month course of
rifampicin, clofazimine (CFZ) and dapsone, with minocycline, ofloxacin and
clarithromycin being used as secolide treatments (Chen et al., 2022LFZwas
originally developed as a potential aitB agent in the 1950s, however it was shelved
after it was found to deliver inconsistent results im vivo models (Xu, Koval and
Katanaev, 2023). In the 1960s, CFZ was repurposed towards leprosy treatment,
becoming part of the recommended regimen in 1977. The mechanism of CFZ is
described in detail in section 1.5 as it pertains to bioenergeegsone is sulfone

that had been used in leprosy treatment sint846 and actsby inhibiting folate

biosynthesis (Kar and Gupta, 2015).

M. ulceransinfections are treated using a course of rifampicin atatithromycin a
broad spectrum antibiotidhat inhibits protein synthesisn bacteria (Peters and
Clissold, 1992; Van Der Werf et al., 20ZDeatment of other NTM infections is
complicated by different mycobacterial species having different drug susceptibility
profiles (Pennington et al.,, 2021)To date, no antibiotics have been developed

specifically to treat NTM diseases, with afB drugs or other antibiotics being used
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on a caseby-case basis. In some cases, usually where there has been a poor response
to drug therapies, this is combined with surgical excision of infected mat&sahg
et al., 2020 Wang, Jia and Li, 2023

1.5.MYCOBACTERIAL BIOENERGETICS

1.5.1.Mycobacterial metabolism

The topic of metabolism covers afithe processes used by cells to supply themselves
with the energy and materials required for survival and growth (Mashabela, de Wet
and Warner, 2019)An understanding of metabolism, and regulation of metabolic
processes in response to changing external conditions, is of great importance in the
study of pathogens. By understanding which of these processes are vital for pathogen
survival during infectionmetabolism opens up as a potential drug target (Murima,
McKinney and Pethe, 2018y definition, the subjecibf mycobacterial metabolism
includes bioenergetic processeshich are the focus of the rest of this repoifthis
section will focus on mycobacterial central carbon metabolism, as it is these reactions
that ultimately supply electrons to the electron transport ch@TC) where the final

stage of aerobic respiration occui@hee et al., 2011)

Central carbon metabolism in mycobacteria involves several interlinked pathways
which allow catabolism of multiple carbon sources. In terms of key pathways there
are glycolysis, gluconeogenesitie pentose phosphate shunand the TCA cycle
(Cumming and Steyn, 2013 glycolysis, glucose is converted to pyruvate with net
generation of ATP and NADH, while gluconeogenesis involves the synthesis of glucose
from noncarbohydrates. The pentose phosphate shunt acts as an alternative pathway
to part of glycolysi@nd generates ribose sugars, which are important for DNA and
RNA synthesi¢Stincone et al., 2014)The TCA cycle is a series of reactitira
generate reduced coenzymes, which can deliver electrons to the ETC, along with ATP
and carbon dioxideThere is also the glycoxylate shunt, which bypasses part of the

TCA cycle, namely the stages where carbon dioxide is gendwtedet al., 2016)

When growing mycobacteria vitro, carbohydrates such afucose or succinate are

frequently used as carbon sourcé®wever under infection conditions, mycobacteria
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have limited access to nutrients and will primarily metabolise host lipids (Gago,
Diacovich and Gramajo, 201&). G G & I O A RddatideyaRdalE@her ienter

the TCA cycle as acetyl coenzyme A, or through the methyl malonate pathway or
methylcitrate cycle (Rhee et al., 201The side chain of cholesterol is also broken
R2 ¢y -oxi@atioh, with the products of this also entering the TCA cycle as acetyl
coenzyme A and via the methyl malonate pathway or methyicitrate cycle (Rhee et al.,
2011; Abuhamma, 2017). However the stages involved in the catabolism of the sterol
ring are not yet fully understood (Abuhammad, 20MMycobacteria metabolise ligs

while in a nonreplicating state during infection, with the glyoxylate shunt being
utilisedto reduce loss of carbon as carbon dioxigeler these conditions (de Carvalho

et al., 2010).

M. tuberculosiss able to cecatabolise several carbon sources simultaneously (de
Carvalho et al., 2010). Thisususual as many bacteria exhibit diauxic growta.
where one carbon source is preferentially metabolised first, followed by a switch to a
second carbon source. It has been theorised thiscatabolism is linked to the
pathogenic nature oM. tuberculosisand t may beadvantageous for survival during
infection. Whether mycobacteria that act as opportunistic pathogens share this ability
has not yet been dmonstrated but cocatabolism of carbon sources has been

observed inMl. bovis(Davis et al., 2024).

1.5.2.An introduction to bioenergetics

Bioenergetics is the study of the transformation of energy by living organisms. Energy,
either from light ora chemical energy source is converted into chemical potentials
such as ATP/ADP or NADH/NAat can be used by cells to power eneirgygjuiring
processesA significant portion of bioenergetic research as it pertains to respiration
has been focused on mitochond@d, as a resultour understanding of this area in
eukaryotes exceeds that in prokaryotdherefore, before discussing bioenergetics in
mycobacteria, it is important to first outline the systems found in mitochondria, as
these have influenced how similar processes are thought to function in bacterial
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Chemiosmotic theory is a core part of bioenergetics dedcribes a system where
ions are transported across a membrane, resulting in charge and concentration
gradients (Nicholls and Ferguson, 200®)ovement of ions back down these gradients

is then used to drive endergonic reactions. Oxidative phosphorylation in respiration
relies upon this principle, with proton, or sodium ion in the case of some bacteria
(Mulkidjanian, Dibrov and Galperin, 2008jadient across a membrane being coupled
to ATPsynthesis.ATP is then hydrolysed elsewhere in the cell to enable erergy

requiring cellular processes to occur.

In mitochondria a series oimembraneproteins, collectively referred to as the ETC,

use energy from the transfer of electrons pamp proons from the mitochondrial
matrix into the intermembrane spadgdigure 1.2)(Nicholls and Ferguson, 2002he

ETC consists of four complexes; fissNADFUbiquinone (UQ) oxidoreductase which
oxidases NADH produced in earlier stages of respiration and reduces UQ, forming
ubiquinol (UQH). During this process, the enzyme gbsmmps four protons across the
membrane for &ery pair of electrons transferred@iccinate dehydrogenas¢sDH)
complex Il in the mitochondrial ETC, acts as part of the TCA cycle converting succinate

to fumarate and also reducing UQ but without protpomping.

UQH is oxidised back to UQ by complexUiQH-cytochromec oxidoreductase, which
transfers electrons from UQHo cytochromec, a protein located on the inter
membrane space side of the inner membrane. These electrons are finally transferred
to complex IV, cytochrome oxidase, where oxygen is used as a terminal electron
acceptor and combines with protons to form water. Both complex Il and complex IV
translocate protons as this electron transfer occurs, further contributing taothiéd-

up of a proton gradient across membran&his gradient can be spilt into two
components, an electrochemical gradiemt § and a pH gradientppH), with the
combination of the twdbeing referred to as the proton motive force (PMFhe PMF
drives protons back across the membrane through the enzgmesynthase which
utilises the energy from this proton movement to drive the synthesis of ATP from ADP
and inorganic phosphate JPATP synthase is also sometimes dubbed complex V,

although as it is not involved in electron transfer, it is not part of the ETC.
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Figure 1.2 Theoxidative phosphorylation system in mitochondria, located at the inner

membrane

1.5.3.Oxidative phosphorylation in mycobacteria

The oxidative phosphorylation system in mycobacteriacated at the cell membrane

and has several key differences compared to the mitochondrial system. Firstly,
mycobacteria utilise menaquinone (MK) in place of UQ, with the significance of this
from a bioenergetics perspective being that MK has a more negative midpoint
potential than UQ and is therefordess readily reduced (Kishi et al., 2017).
Mitochondrial ATP synthase, as well as a nundidracterial ATP synthases, will run

in reverse, catalysing AT hydrolysis and transporting protonsto the inter-
membrane space or periplasm. ATP synthase in mycobacteria does not display this

samehydrolysis activitfHaagsma et al., 2010).

The composition of the ETC is also different in mitochondria versus mycobacteria
(figure 1.3), with there being some variation between species, as summarised in figure
1.4. Type | NADH:MK oxidoreductase (NDHencoded by th@uooperon, acts aan
equivalent to complex | in mycobacteria, oxidising NADH while reducing MK to
menaquinol (MKE) and pumping protons into the periplasiweinstein et al., 2005)
Mycobacteria also harbour a type Il NADH:MK oxidoreductase @Dith M.
tuberculosiscontaining two versions of the NBHgene,ndhandndhA NDH2 fulfils

the same function as NDHbut without the accompanying proton movement, making

it less energy efficientin spiteof this, NDF2 is responsible for a majority of NDH

activity in mycobacteria, with NDH activity being 95% lower than NEZHactivity in
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M. smegmatisand 75% lower iV. bovisBCEVilchézeet al., 2005) Additionally, the
genes coding NDH are not essential for growth M. tuberculoss (Sassetti, Boyd and
Rubin, 2003pand are lacking altogether in members of thk lepraecomplex One
theory as to why ND{2 activity is so much greater than that of N2t that, as NDH

1 is a proton pumpingomplex, a high PMF could limit its activity and therefore

electron flux through the ETC, which is not the case for{2[DEbok et al., 2014).

Mycobacteria possess two versions of SDH (SDH1 and SDH2), withttierculosis

ETC also containing a fumarate reductdsRD), encoded BydABCDwhich catalyses

the reverse reaction to SDook et al., 2014 SDH1 is anchored to the membrane

by a single hydrophobic subunit whereas SDH2 has two anchoring subunits (Gong et
al., 2020 Zhou et al., 2021 SDH2 has been observed todssentiain M. smegmatis

when grown on skd LB medium under aerobic conditigngith a knockout of the
SDH2 operon prong lethal (Pecsi et al., 2014). In comparison, a knockout of SDH1
displayed similar growth to the WTndicating increased SDH2 activity is able to

compensate for a lack of SDH1 but not vice versa.

H* H* H +

H+
r Quinone pool “
H* 1

i Succinate ~1 _
NADH ; ______ | )e v
NAD* + H* Fumarate + 2H" 0, ADER e =
NDH-1 NDH-2 SDH1 SDH2 bcc:aa, cytochrome ATP
supercomplex bd oxidase synthase

Periplasm

Cytoplasm

Figure 1.3:Composition of the oxidative phosphorylation system in M. smegmatis, a
model organisnfrequentlyused to study mycobacterial systems. Most mycobacteria

possess a similar ETC, with differences being highlighted in figure 1.4.

MK-cytochrome ¢ oxidoreductasebcc (encoded byqcrCAB is the mycobacterial
equivalent of complex 1Hnd contains a cytochromgcdomain from which electrons
are transferred to cytochrome oxidaseaas (encoded byctaBCDE(Wiseman et al.,

2018. These two enzymes, along with a superoxide dismui@&&d)form a structure
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termed thebcc:aa supercomplex. The supercomplex exists as a dimer, withaiayo
subunits positioned on either side of a pair of adjacdmic subunits and two SOD

subunits on the periplasm side of the complex

As with complex Il and complex IV in mitochondria, the supercomplex translocates
protons across the membrane, with a total of six protons being moved per pair of
electrons passed through the complex (Cook et al., 203@D is able to convert
superoxide into hydrogen peroxide amdolecularoxygen and is therefore able to
prevent damage from superoxide produced either by mycobacteria themselves during
respiration or as part of a host immune resporfsandgren et al., 2018)t has been
theorised that as a part of the supercomplex, SOD may funnel electrons to the
cytochrome cc domain in thebcc subunit instead of forming hydrogen peroxide

(Wiseman et al., 2018).

Unlike mitochondria,almost allmycobacteria possess a second terminal oxidase:
cytochrome bd oxidase (encoded bycydAB. In contrast to the supercomplex,
cytochromebd oxidase is nofproton pumping andherefore only contributes to PMF
generation via transmembrane charge separation (Jasaitis et al., 20@f5r aerobic
conditions, the supercomplex acts as the dominant pathway for electrons and
cytochromebd oxidaseis not essential for growth (Matsoso et al., 2005; Lu et al.,
2019). Cytochromébd oxidasedoes however play an important role in enabling

mycobacteria to survive hypoxic conditigtike those found in granulomaand other

stres®rsincluding antibiotic treatmenR dzS G2 G KS Syl @ YSKada KA IK 2

et al., 2001; Boot et al., 2017
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Species NDH-1 | NDH-2 SDH1 SDH2 FRD supercomplex cytochrome
bd oxidase

Figure 1.4:.The composition of the ETC across several species of mycobacteria, with
shaded boxes representiriige enzymes present in a species, while unshaded boxes
are absen{Kanehisa, 201¥anehisa and Goto, 2000; Karsget al., 2023Kanehisa
Laboratories, 2024)This list of mycobacteria includes the model -pathogenic

organism M. smegmatis and several important human pathogens.

1.5.4.Drugs targeting oxidative phosphorylation in mycobacteria
Thedifferences between the oxidative phosphorylation systems in mitochondria and
mycobacteria can be exploited as potential drug targets. Already, BDQ anth@Z
beenapproved for treatment offBand leprosy respectivel\{CFZ appears to act via a
redox cycling mechanism, competing withK for reduction by NDF2 and then
undergoing norenzymatic oxidation by oxygeneleasing reactive oxygen species
the process (Yano et al., 201NDH?2 is an attractive target due to the lack of an
equivalent enzyme in rachondria and has been the subjectsdime focugDunn et

al., 2014; Murugesan et al., 2018; Dam et al., 2088yeral potential NDHR inhibitors

or redox cycling compounds like CFZ have been synthesised and displayed activity
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against M. tuberculosis but have yet to be taken further in terms of clinical
development (Warman et al., 2013; Dunn et al., 2014; Murugesan et al., 2018; Dam et
al., 2022).

Another anti-mycobacterid drug targeting the oxidative phosphorylation systesn
Q203 or telaebec. Q203is currently in the phase Il clinical trial stage for treatment of
Buruli ulcer, with a phase lla trial for treatment of TB having already been completed
(TB Alliance, 2024; de Jager et al., 2028% drugacts via inhibitingMK-cytochrome

c oxidoreductasebcc and therefore preventing electron transfer through the
supercomplexPethe et al., 2013)As most mycobacteria possess a second terminal
oxidase, Q203 is only bacteriostatic against the likeslofuberculosismaking ce
administration with a cytochrombd oxidase inhibitor highly desirablA. potentialbd
oxidase inhibitor,ND-011992 has been identified and shown to be bactericidal
againstM. tuberculosiandM. bovisBCG in combination with Q203, but has yet to be

developed further (Lee et al., 2021).

1.6. BEDAQUILINBRQ

1.6.1.Discovery of BD@nd current uses

Development of BDQ as an ail8 drug began with a screening of drug prototypes for
growth inhibition activityagainstthe model organisnM. smegmatig/Andries et al.,
2005) The lead compound was optimised to generate a set of diarylquinolines
(DARQSs) and their activity agaiit tuberculosi$i37Rv was evaluatgfan Gestel et

al., 2004. BDQ was identified as the compound with the greatest actitigwingan
alL/ 27F n ©Andrias etald ROTY)

A series of further experiments found that BDQ has similarly low MICs (0.020

>3K Y[ 0 TM Mbeicdddi$INitat isolates resistant to current affiB drugs,

including rifampicin and, most notably from a mechanistic standpoint, moxifloxacin

(Andries et al., 2005Moxifloxacin is a quinoline, and the fact cr@ssistance was

not observed with BDQ, along with BDQ displaying no activity against purified DNA
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ALISOATAO (2 Yeoz2o0l O0SNAIZT gAlGK GKS RNHZA K

bacterial species belonging to different famili@sndries et al., 2005)

LRSYUGATAOLIGAZ2Y 2F .5vQa | (bitdidolationtaNBS G g a
genomic sequencing of BR®@sistant mycobacterigAndries et al., 2005)in both
BDQresistantM. tuberculosisand M. smegmatis the only commonly mutated gene

was atpE, which codes for the-subunit of BR-ATP synthase. This provided early

evidence that BDQ binds to ATP synthase, as well as explaining the selectivity of BDQ

for mycobacteria, given the structural differencesATP synthases from bacteria of

other genera.

Since BDQ@ discovery, it hasndergone clinical trials for the treatment of TB and been
approved for use by the FDA (Jones, 20BB)Q has seen much success as part of the
BPaL and BPELregimens, and has also been used in the treatment of infections
caused by NTM (Ali et al., 2024; Omar et al., 2024). Prior to clinical trials with BDQ
being initiated, its activity against members of the MAC,abscessusdyl. ulcerans,

M. kansasii, M. marinurand M. fortuitum was evaluatedAndries et al., 2005). BDQ
disphyed potent activity against all mycobacterial species tested, with MIC values
between 0.0020.010> 3 k ¥6f all strains tested, save fdvl. abscessusand M.
ulceranswhere BDQ MIC values were between O®5 > 3 k.¥t[has since been
shown that while BDQ can inhibit growth iNl. avium considerably higher
concentrations are required for bactericidal activity compared wWithtuberculosis
(Lounis et al., 2009). Despite this, in one case study, treatment of a dissemMated
aviuminfection with BDQ in combation with other antibiotics resulted in culture

conversion (Gil et al., 2021).

BDQ has been used to treat pulmonary infections caused by members of the MAC and
M. abscessuswith six out of ten patients showing a microbiologic response following
six months of treatment (Philley et al., 2015). Additionally, Bidftaining treatment
regimens have been able to cure extrapulmonay abscessusnd M. fortuitum

infections (Omar et al., 2024).
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1.6.2.BD@Binding site

BDQ possesses two chiral centres and its enantiomer displays a much lower potency,

which is indicative of specific binding occurring between BDQ angdwiltra (figure

1.5) (Andries et al., 2005)dentification of two specific point mutationa the cring,

| 3LJoH I £Ff 050H+x0 FyR ! f IM smefhatisN®M. 6! cot 0 X
tuberculosist i NI Aya LINRPGPARSR (GUKS FANBRG SOARSYOS ¥
site. FFom the time of these experiment$iowever,it would be another fifteen year

before the structure of BDQ bound to a complete mycobacterial ATP synthase enzyme

was solved.

Initial modelling of the interaction between the-Fegion of H-ATP synthase and

BDQ was conducted using a homology model based on ATP synthadesfrberichia

coli(E. coli with 37% of the amino acids replaced to match the common sequence in

M. tuberculosistrains(Jonge et al., 20Q7Following optimisation of this structure, it

gla KeLRGOKSAaAaSR GKFG .5vQa oandtsubwic, aAdS g
i.e. close in proximity to the two commonly mutated residues in BEpstant strains.

Docking simulations showed BDQ mimicking an arginine residue on-shbumnit

(Arg186) and interacting with Glu61, effectively blocking a space requiredtédion

of the cring and thereby preventing proton transfer.

I £ SN AaSNASa 2F 0A20KSYAOIf laalea RSY2y
of the PMF, suggesting it does not compete with protons for its bindingrsgagsma

et al., 201). Dosedependent inhibition of ATP synthesis by BDQ was fitted to a one

site binding hyperbola with® n dpdh> AYRAOF GAYy 3 . 5vé YSOKI Y

binding, which is consistent with the hypothesis based onEheolhomology model.
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A a-subunit b-6-subunit

y-subunit

' b-subunit
c-ring
a-subunit

Figure 1.5:Structures of A) BDQ with its two chiral centres labelled arig) M.
tuberculosis ATP syrabe obtained using cryelectron microscopyZhang et al.,
2024).

A second homology model based on the crystal structure of thagcof Spirulina
platensis(S. platensisATP synthase, a structure that shares 30% of its sequence with
the M. tuberculosisc-ring, was produced by Segala et @egala et al., 20)2BDQ
docking simulations with this model, along with observations that no mutations in the
ATP synthase-subunit had been linked to BDi@sistance(Huitric et al., 201)) led
the group to propose that BDQ does not bind at a site between tfad csubunits,

but rather in a pocket formed by adjacensabunits.

Biukovic et al(2013) howeveri KS2 NAaSR GKIF G . 5v-suunié 06S O0AY
the Nterminal domain of which interacts with therang (Biukovic et al., 20)3HSQC

baw &LISO0NI 2sabunit @0Show peakdistart®is indicative of binding

during titration experiments with BDQ at a 1:2 molar ratio and this is also supported

by results from intrinsic tryptophan fluorescence spectroscopy. From thigydehin

GKAOK (g2 Y2t SOdzZ Sa -ant esubbinits ok ATE §hbageivasg A G K (i
generated by modifying aB. colstructure. The idea of BDQ having a second binding

site runs counter to the results from the dose dependent inhibition experiment and is
FdzNIKSNJ dzy RSNXYAYSR 6& GKS f I Of-supuhitand &2 OA I ()
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BDQresistancgAndries et al., 2003Haagsma et al., 20)1Therefore, it may be BDQ
OFy T2NX Ay (S NubOnit bu? gidencd sugdéstsithiése are not key to

its activity.

The first noshomology based model showing BDQ bound to part of a mycobacterial
ATP synthase was produced usiAgay crystallography to solve the structure of the
c-ring from Mycobacterium phle(M. phle) the sequence of which has over 80%
similarity with theM. tuberculosig-ring (Preiss et al., 20)5Caocrystallisation of the
protein with BDQ yielded a structure where the drug is shown to bind identically to all
nine ¢subunits in the ring, interacting with nine residues (Gly62, Leu63, Glu65, Ala66,
Ala67, Tyr68, Phe69, lle70 and Leyg&yeral of which match those highlighted in the

S. platensisromology modelLeu59, Glu6l, Ala63, Tyr64 and llg€Begala et al.,
2012). These residues are locatedand around the iorbinding site situated between

adjacent esubunits and are generally conserved across mycobacterial species.

Comparison of this structure with the isolatedring revealed a change in
conformation of Phe69 occurs upon BDQ binding to avoid a steric @asiss et al.,
2015). The hydroxyand dimethylamino groups of the drug form hydrogen bonds with
the carboxylate groups of Glu65, forming a structure that resembles a transition state
involved in ion translocation. Preiss et @015)propose that binding of a single BDQ
molecule locks the -dng in this state, therefore preventing rotation and ATP

generation.

The complete structure of ATP synthase frdnsmegmatisvas solved using cryo
electron microscopy on the enzyme both with and without BIBQo et al., 2021 No

0 AY RAY 3 2 Fsububitcanbeseen, Kugherinvalidatitiys subunitas being

Ay @2t SR Ay GKS R Nddugktican bs abkervgditd bnd ong | O K
molecule of BDQ, excluding the twesgbunits blocked by the-subunit. Five BDQ
molecules occupy the binding site seen in Mephleistructure but two are bound in

novel sites involwng the asubunit, which provides a deeper pocket for BDQ to bind

in.

One of these sites, dubbed the leading site, is located on thgbanit that would

have just been in contact with thesubunit and bound a proton from the periplasmic
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space following normal rotation of thering (Guo et al., 2021Binding of BDQ in this

location involves the same residues as the other site along with Phe213, Pro214,

Val217, Trp218 and Phe221 on theuwbunit, with the side chain of Phe221 moving to

prevent a clash with the drug. Guo et &021)suggest that the leading site may be

GKS Y2aid ONMHzOAFE G2 .5vQa OGAgade Fa Ad LM
novel site, the lagging site, involves thaubunit that will next interact withtie a

subunit and release a proton into the cytoplasm. In addition to Hselzunit only site

residues, this site is formed from Leu70, Prol172, 1le173, and Vall76 orsthimuait.

Density maps obtained from experiments in which isolated mycobacterial ATP
synthase was treated with BDQ and then washed show BDQ remains in the leading
and lagging sites while thestibunit only sides have reduced occupa(@yo et al.,
2021) This indicates that interaction with thesubunit enhances the binding of BDQ,
and lends further credence to the leadisge being the most important from an
activity standpoint. The lack ofsubunit mutations associated with BDQ resistance,
however, suggests binghg in the esubunit only sites is still sufficient for BDQ to

display bactericidal effects.

These tyo-electron microscopytructures also provide evidence that the helite
LINE2SOSEABgan2yao | Gal OK Sebuniisare gebpOrksible2 F G K S
for the lack of ATP hydrolysis activity observed with mycobacterial ATP synthases. A
ary3at S 2 yeltenBidnsal KAS/a 0 2hy (i bsubunit idakhyigken ilofatinal

state and Guo et a(2021)propose that the interaction between the two prevents

NER G I G A 2-sUbuBiffin the keerse directiohending further proof to this theory,

an enzyme modified such thall K S-exténsions were truncated showed ATP

hydrolysis activity.

A structure for BDQ bound t¥. tuberculosisATP synthase was acquired more
recently usingcryo-electron microscopyfigure 1.6)(Zhang et al., 2024). BDQ was
found to occupysimilarsites asvith ATP synthase frofd. smegmatisalthough Ala24

on the esubunits was newly identified as making up part of the BDQ binding site, while

Gly58 was not. Additionallyin the M. tuberculosisstructure there is loss of -
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interactions between BDQ and Phe213 on thsubunit in the leading site, as M.

tuberculosighe phenylalanine residue is replaced by alanine.

lagging site

a-subunit

c-only site

P

¥ o N v
R ve ;
J
2 LE
/\LEU‘59/ a-subunit A s

Figure 1.6:Structure of(A) BDQ bound téhe a and e¢subunits of ATP synthase from

M. tuberculosis withthe lagging, leading and-anly binding sites highlighted along
with the (B) lagging, © leading and D) conly site binding pockets with the key
residues labelledl'he structures were acquired using egjectron microscopy (Zhang

et al., 2024).

1.6.3.The mode of action of BDQ

¢tKS AYLERNIIFIYyOS 2F !¢t aeyidiklFasS Ay .5vQa
bind to it are by now weléstablished but the effects of this binding are still much
debated The most longtanding and overall favoured theory is that initially put

forward by Andries et al2005), that BDQ acts asdirect inhibitor of ATP synthase,
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blocking the proton channel and preventing ATP syntheBlds hypothesis is
supported by findings that treatment aferobic andnon-replicatingM. tuberculosis
with BDQ results inraappreciable drop in ATP levels within 24 hours (Lamprecht et

al., 2016; Koul et al., 2008).

In this mechanismhte bactericidal effects of BDQ may be due to bacteria being unable
to sustain enough ATP production for growth and/or due to disruption of the
NADH/NADratio (Tran and Cook, 2008DQ has a timdependent killing effect,
with significant rates of cell death M. tuberculosigultures only being observed post
day-four following treatment with sufficient concentrations of BDQ (Koul et al., 2014).
This observatiorsupports. 5v Qa 0 I O S Nén@reladd fto iSurfigichO i a
production of ATPATP levels in mycobacteria drop fiiedd when these bacteria
enter anon-replicatingstate, and it has been demonstratéd. tuberculosisells can
survive up to a tedold decreasen ATRGengenbacher et al., 2010; Koul et al., 2008

It follows that mycobacteria are able to survive treatment with BDQ in an- ATP
depleted state for the first few days post exposugenerating small amounts of ATP
through substratdevel phosphorylationbefore ATP levels drop below those needed

to maintain cell viability.

A study in which the oxygen consumption rate (OCRJ.admegmatiscellsfollowing
treatment with BDQwas monitored using &lark electrodeshowedan immediate
increase in OCR occurs upon addition of the dHaydset al., 205). This finding was

later replicated inM. tuberculosisusing a Seahorse XF Analyser, although the rate of
OCR increase was sloweamprecht et al., 2016].hese observationsun counter to
expectations oBDQ acting a@ direct ATP synthase inhibitor, as preventiopmitons
moving through the enzyme should result itvaild-up of protons on one side of the
membrane. This increases the PMF which in turn places backpressure on the system,
reducing the rate atvhichelectrons flow down the chain and tha¢so reducing the

OCRRIpple, Kim and Springett, 2013).

The OCR increase observed with BDQ led tohgpmothesisit may be acting as an
uncoupler (Hards et al., 2015)Classical uncouplei® protonophoresare able to

transport protons across a membrane, allowing them to move dppi/n Awithout
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passing through ATP synthase. In response to dissipation of the PMF, cells increase
the rate of electron flow down the chain, and therefore their OCR, in an effort to
compensate. The result is a system where are protons are cycled across the
membrane withait this movement contributing to ATP generation, i.e. the system is
uncoupled.As BDQ activity is dependepn the drug being able to bind to ATP
synthase it was proposed BDQ acts via disrupting the interactions between-ttueda

C- subunits inkR-ATPsynthaseand thus allows uncoupled proton movement across

the membrane (Hards et al., 2015).

In support of this theory, high doses of BDQ (300x MIC) have been shown to reduce
npH in M. tuberculosis inverted membrane vesiclesIMV9, although no
corresponding drop in Ais observed (Lamprecht et al., 201A8)ditionally, BDQ does

not increase the proton conductance of the membrane, unlike the known
protonophore CCCRamprecht et al(2016)propose that these observations are due

to BDQ acting as a direct ATP synthase inhibitor, with the increase in OCR being a
result of mycobacteria having some nemism by which they are able to limit the

effects of backpressure.

An alternative hypothesis to explain these findings is thather than acting similarly

to a protonophore, the disturbance of the and esubunit interface by BDQ results in
protons being allowed to move into the cytoplasm, while another cation, most likely
potassium, moves into the periplasrildrds et al., 20154ards et al., 2018). This
would dissipatepH, thus leading to an increase in QGRt notn A BDQ has been
observed toacidify the inside of liposome$a potassium ion gradient exists in the
opposite direction (Hards et al., 2018), although this does not fit with ATP synthase

binding being required for BDQ to display bacteriostatic/bactericidal effects.

BDQshows bacteriostatic effects at nanomolar concentration$/. tuberculosigand

is bactericidalat micromolar concentrations (Koul et al., 201%his has led to the
proposal that BDQ acts predominantly as a direct ATP synthase inhibitor at low
concentrations, with its uncoupling activity becoming more relevant as the
concentration increases (Hards et al., 2018; Guo et al., 20@21this theory, the

downstream effects of disruption to the PMF eventually lead to bacterial cell death,
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thus why BDQ is only bactericidal at micromolar concentratidnsther observation
that lends credence to this theory is th#te ATP hydrolysis activity of purified
mycobacterial ATP synthase with truncateesubunitsis inhibited with nanomolar
concentrations of BDQCpurbon et al., 2023 When the concentration of BDQ is
increased to micromolar amounts, this hydrolysis activity is restoheavever this

effect is restricted to isolated protein and could not be replicated in IMVs.

4 LINBaSyidz .5vQad Y2RS 2F [OGA2YyE +a Ay &
inhibitor of ATRsynthaseor disrupts the PMF through uncoupled proton movement,

is still being debated. There is also the question of o activity eventually leads

to the death of mycobacterial cells. This is a subject of debate for antibiotics in general,

with there being some evidence for a unified mechanism wherein antibiotic killing is

a result of downstream oxidative damage (Kohanski, Dwyer and Collins, 2010).

recent study orM. smegmatisiemonstrates cell death following antibiotic exposure

correlates with high ATP levels rather than production of reactive oxygen species
implicating this as being part of a common mechanism for mycobacterial killing by
antibiotics (lodhiya et al., 2024). It is unlikely, however, that BDQ alsoWkilthis

method, as all the proposed modes of action prevent rapid production of lAKIRing

of mycobacteria by other antibiotics is reliant on a burst of ATP, this has serious
implications forthe use of BDQ in combination therapiés.order toinform future

work on effective combination therapies and guide the development of second
generationcompounds A0 Aad AYLRNIFIYyd 602K .5vQa Y2RS

in cell death are nderstood

1.6.4.Consequences for the cell

Examination of theM. tuberculosigranscriptome following BDQ treatment reveals
upregulation of theATP synthase operon and thg/cobacterial dormancy regulon for
at least 3 hours following BDQ additiokoul et al, 2014. The dormancyregulon
contains 48 genegvolved in the adaption of mycobacteria from an aerobic to a
hypoxic environment and vice versallowing cells to maintain their NAINADH
ratios and sustain low levels of ATP while in a nonreplicating ¢tatistikowet al.,

2010. These effects likely help to mitigate the impact of ATP synthase inhibition by
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BDQ (whether via preventing movement through the proton channel or an uncoupling
mechanism)Following 6 hours of exposure to BDQ, there is some upregulation of
isocitrate lyase, an enzyme involved in the glyoxyleyele and cytochromebd
oxidase both of which are associated with bacterial survival under stress conditions
(Koul et al., 2014; Schnappinger et al., 2003; Boot et al., 2017).

Metabolic dwnstream effectof BDQon mycobacterianclude an increased reliance

on substratelevel phosphorylation through glycolysis to maintain ATP lewels,
reduction in the rate of gluconeogenesis aactivation of the glyoxylate shurand
methylcitrate cycle (Mackenzie et al., 2020)he extent of these effectsaries
depending on the available carbon sourdallowing BDQ treatmenthere is a
correlation between changes in cellular ATP levels and a number of metabolites
involved in ADP/ATHependent pathwayswith the correlation between ATP and
glutamine being the strongegiWang et al., 2019)Ccadministration of BDQ and a
glutamine synthaseanhibitor NS adz G6a Ay +ty AYONBFalS Ay
tuberculosisalongwith a shortened killing timeThese findings highlight glycolysis and
glutamine synthesis gsotential targets in the development of future antibiotics that

will synergise with BDQ.

1.6.5.Compatibility of BDQ with other antibiotics

The BPaL regimen has a high rate of succesBicating the killing effects of
pretomanid and linezolicare not compromised by inhibition of ATP synthesis
potential disruption to the PMKAIi et al., 2024). However, in pairwise studies,
linezolid and pretomanid doot appear to be synergistic with B¥Qokol et al., 2017).
The efficacy of these combinations was studied in mouse models of anB,
pretomanid and BDQ together were shown to be less effective than BDQ alone during
the first month of treatment(Tasneen et al., 2016)Vhen pretomanid and BDQ are
coadministered with linezolid, the combination of the three shows a much greater
efficacy at twemonths compared to any two of the antibiotics being used without the
third (Tasneen et al., 2@). Thisdlemonstrateshere is some synergy when the three
are administered together, althoughere is the potential focombination therapies

with BDQto be further optimised.



BDQ displays antagonism with rifampicin, likely due protein synthesis being
downregulated in response to BDQ binding to ATP synthase (Cokol et al., 2017).
Additionally, ceadministration of the two results in more rapid clearance of BDQ from

the bodyin humansdue to rifampicin inducinghe CYP3AZnzymein the liver,
meaning the two cannot be used together effectively (Svensson et al., 2D&spite

the success of the BPaLM regimen, BDQ and moxifloxacin also show antagonism in a

pairwise studytooking attheir activity againsM. tuberculosigCokol et al., 2017).

BDQ is synerstic with CFAgainstM. tuberculosiand members of thél. abscessus
complex (Cokol et al., 2017; Ruth et al., 2019). Both BDQ and CFZ resistance can arise
through upregulation of the MmpL5 efflux pump, meaning there is greater chance of
crossresistance lartkoorn, Uplekar and Cole, 201BDQ also displays synergy with
pyrazinamide, with Tihfected mice displaying 100% culture conversion following

two months of treatment with both drugs, which BDQ or pyrazinamide alone were
unable to achige (brahim et al., 2006 As questions remain around pyrazinamide

I YR .nbdesd dactionthe reasoning behind this synergy is currently unclear

While there are several established antycobacterial drugs that can be used
effectively with BDQ detailed here, a better understanding of the effects of BDQ
binding to ATP synthase would enable more strategic formulation of combination
therapies. Additioally, it may highlight possible future targets in mycobacteria that

may be exploitedhrough use of BDQ.

1.7.MYCOBACTERIAL BIOENERGETIC METHODOLOGY

1.7.1.Techniques for studying bioenergetics

There are several ways one may gain insighttimdioenergetic processes that occur
inside cells and the responses to changes in internal or external condifibaese are
three main methods that have thus far been applied to mycobacteria, with these being

metabolomicspximetryandworking with model/simplified systems such as IMVs

Metabolomicsrefers to thequantitativeanalysif metabolites in a biological syste
The usual workflow involves growth of cells, sometimes with labelling of substrates,

followed by lysis, sample processing, separation and detec8eparation is often
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achieved through liquid or gas chromatograpmhile mass spectrometry and NMR
act as the most common detectioe¢hniquegLenz and Wilson, 20Q7he power of
metabolomics comes from the ability to proftempounds from, and therefore study,

a vast number of cellular process@seaning of the three methods listed above, it is
able to provide the most detailed informatiqdohnson, Ivanisevic and Siuzdak et al.,
2016) In the case of bioenerget, the lysis requirement for this style of analysis
presentsan issue in thatwith the fast time scale on which these processes occur, it is
possible there may be some disruption to metabolite concentratidasing cell
breakage procedure. Additionally, it is not possible to monitor-teaé changes in
cells as they occuwith different batches of cells being used to examine the effects of

different conditions

In comparison, oximetry, i.e. OCR measurements, can providéimeainformation

on changes in metabolic flux but does not provide significant insight into the exact
processes occurring, as demonstrated with alternate explanations being presented for
the OCR increase observed with B[Hards et al., 2015; Lamprecht et al., 2016)
These measurements can be made with a Clark electrode, wdnbh provides
information on oxygen consumptioms discussed further in sectioB8.1.2 or a
Seahorse XF Analysérhe latter uses solid-state sensors containing oxygen and
proton sensitive fluorophores to measure the concentrations ofsth@ompounds
(Ferrick, Neilson and Beeson, 2008; Chacko et al3)2@ver the course of an
experiment, the sensor is lowered for a set period to create a microchamber and the
changes in oxygen and proton concentration are measarel used to calculate rates

for OCR and proton efflux.

Use of IMVsllows specific probingf the oxidative phosphorylation systernihe ETC
must be energised by addition of an electron donor, naniADH or succinatend

the protonpumping activity can be monitored through quenching of pH sensitive
fluorophores contained inside the vesicle (Harden et al., 2024). Alternatively, ATP
concentrations can be monitored via luciferase assay or quench and measure
procedures.Thedisadvantage®f this method includefinding preparation methods

to ensure a high level of inverted versus Aarerted vesiclesrad, due to the need

for external electron donorsit is not suited for experiments exploring lotgrm
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effects (Futai, 1974; Hards et al., 2018)ata obtained using IMVs also contains no
information about the potential downstream effects of factors that impact the

oxidative phosphorylation system.

Use of the above techniques in combination edlow for a detailed picture of the
bioenergetic processes in cells, however there are still gapsarrent knowledgeas
0KS 02y i NP O Srededf a@iefchdws. THe Yocua of this thesis, therefore,

is to develop methods that can add to our present understanding of mycobacteria and
be applied to the study of BD@he use of live cell techniques, namely visible
wavelength remission spectroscopy att® NMR is explored. These have the benefit
of allowing realtime analysis like oximetry, but can provide further information on
cellular processes without the caveats that come with using a simplified system like

IMVs.

1.7.2.Use of model organisms

Virulent strains oM. tuberculosisare classed as BSlorganisms, meaning specialist
equipment and training are required in order to work with these strafsaf et al.,
2020. This, along witiM. tuberculosideing a slowgrowing organisnanddifficult to
culture, can act as barrier to research. Therefore, model organisms are frequently
used in placeof virulent M. tuberculosisto circumvent one or multiple of these

potential issuegSparks et al., 2023)

The ideal model organism is one that closely matches the pathogen one wishes to
study, while being more accessibl. smegmatiss a rapidly growinylycobacterium
species, with a doubling timef 3-4 hours and is classed @&SE1 organism(Klann et

al., 1998 Sparks et al., 2023Jhese propertiesneanM. smegmatiss considerably
easier to work with than virulent mycobacteria, although there has been some debate
over its suitdility as a model organism (Reyrat and Kahn, 2008. genome oM.
smegmatigs over 1.5x greater than that 8. tuberculosisdemonstrating that there

are clear genetic differences between the two speciéswever,almost two thirds of

the proteincoding genes iM. tuberculosigre orthologous wittM. smegmatigenes,

with around 1150 of these sharing greater than 50% amino acid identity with each

other as well asvith other pathogenic mycobacteria includiiy abscessyd. avium
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and M. leprae (Sparks et al.,, 20330f the 41 M. tuberculosisvirulence factors
discussed in an extensive review by Smith (2003), 17 of these have ortholelgs in
smegmatis with these including genes involved in amino acid and purine biosynthesis
(leuD trpD, proCand purQ, regulaton of transcription(phoR, prrA, mprAand hspR

and the oxidative stress respondaat{G ahpCand sodQ (Kanehisa, 201¥anehisa

and Goto, 2000Kanehisa et al., 2023; Kanehisa Laboratories, 2024

The use oM. smegmatisas a model organism was somewhat validated through the
development of BDQ, as it was via screening Withsmegmatishat DARQs were
identified as potential antifB compounds (Andries et al., 2008).. smegmatishas
also been employedh the study of mycobacterial genetics, the mycobacterial cell
envelopeandthe modes of action of ardTB drugs, including isoniazid and ethambutol
(Sparks et al., 2023). Due the nonpathogenic nature ofM. smegmatis it is

unsuitable formacrophage infection studies

Alternatives toM. smegmatisnclude BS2 compatible strains dfl. tuberculosigind

M. bovis with M. bovisBCGand M. tuberculosisH37Rabeing two commonly used
strains(Zheng et al., 2008; Liang et al., 202¥hilethese strains are genetically more
similar toM. tuberculosisthey share the caveats of being slgnowing and difficult
to culture, as well as requiring a B&laboratory space. Therefore, in situations where
BSLE2/BSL3 facilities are unavailabler a fast supply of culture is requiredtreough
not a perfect reflection of the systems foundshih tuberculosisM. smegmatigs the

most suitable model organism.



1.8. THESIBIMSAND OBJECTIVES

Aims:To develop and apply*P NMR and visiblevavelength remission
spectroscopy taunderstand mycobacterial bioenergetics as it powers a living
cell. Use theemethods to understand the action of the important antibiotic

BDQin M. smegmatis and M. tuberculosis.

Objectives:

1) Develop appropriate microbiological techniquesorder to secure aeady supply
of M. smegmatisand M. tuberculosis grown in set and understood conditions, for

later experiments

2) Establish visiblevavelength remission spectroscopy as a technique to measure the

electronoccupancy of cytochromes within living mycobacteria

3) Perform initial experiments usingisiblewavelength remission spectroscopy
alongside OCR measurements to examine the effectclafsical bioenergetic
inhibitors and uncouplers. Interpret these results tonderstand how the
mycobacterial bioenergetic system responds compared tochondriaand establish
a library of compounds that are effective for studythg impact ofother compounds

on the oxidative phosphorylation system.

4) Resolve the mechanism BDQin living mycobacteria. Find thBDQacts as a direct
inhibitor of ATP synthaseyith its activity resembling that of thenown ATP synthase
inhibitor DCCDT heidiosyncratic increase @CRstemsfrom an increase in the activity

of cytochromebd oxidaseon BDQ additiomather thanfrom uncouplingactivity.

5) Explore the potential and pitfalls of!P NMR to measure phosphorylated
metabolites inliving cells Construct a system that can be used to mix and supply
cultures with oxygen inside an NMR machine without compromising the quality of

spectra while conducting initial experiments on unoxygenated cultures.

54



2. MATERIALS AND METHODS

2.1. GROWTKCONDITIONS

2.1.1.Bacterial strains

All bacterial strains usealre listed in table 2.1IM smegmatisJR128 was provided by
the Luisi laboratory, University of CambridgeM smegmatismc?155, AtpE>3?Y,
ncydABngcrCABRNdM. tuberculosisnc?6230 andhcydABwvere supplied by the Cook
laboratory, University of Otago.

Table 2.1 Bacterial strains used in experiments with the bioenergetic chamber and
NMR studies.

Species Strain Genotype Reference

M. smegmatis JR128  mc?4157with 3 NB 9Facdt / Rock et al., 2015
T7 RNApolymerase::L5(Kan

M. smegmatis  mc?155 WT Snapper et al.,
1990

M. smegmatis  AtpEP3?Y  mc2155with point mutation  Koulet al., 2@7
in atpE(D32V)

M. smegmatis  ncydAB mc*155 with deletion of Lu et al., 2019
cydAB

M. smegmatis nqcrCAB mc?155 with deletion of Chonget al., 2@0
qcrCAB

M. tuberculosis mc?6206  H37Rv with deletion deuD Samspon et al.,
andpanCD 2004

M. tuberculosis mc6230 H37Rv with deletion of Sambandamurthy
panCDand the RD1 region et al., 2006




M. tuberculosis ncydAB mc?6230 with deletion of  Berneylaboratory,
cydAB Albert Einstein
College of
Medicine strain

not published

Bacillus subtilis 168 In-frame 3 base pair deletior Burkholder and
(B. subtiliy intrpC(1110del) Giles, 1947

2.1.2.Growthconditions for bioenergetic chamber experiments

M. smegmatis strains were grown in Middlebrook 7H9 media (Sigitdrich)
supplemented with Tween 80 (0.05% v/v) and glycerol (50 mM), with kanamycin (30
pHg/mL) added to starter cultures of JR128 and-)Earabinose (5 mM) added to
AtpEP3?V cultures. 7H9 media, Tween 80 and glycerol were combined prior to

autoclaving with other supplements being filtsterilised and added afterwards.

7H10 agar plates (mMt55, AtpE3?Y ncydABandngcrCABor kanamycin LB agar plates
(JR128) were inoculated wit70 °C glycerol stock and incubated at 7 for 4872
hours. Once single colonies were visible, plates were stored@iahd single colonies
were used to inoculate 50 mL of medm 250 mL conical flasks to prepare starter
cultures. These cultures were incubated (87 200 rpm) until an Qg of 2.55 was

reached ¢a. 72 hourk

JR12&ultures were grown in 500 mL of media in 1L plastic conical flasks with samples
for bioenergetic chamber experiments taken throughouthaodr period (Olgho= 0.9

2.9). All otheM. smegmatisstrains were grown in 50 mL of media in 250 mL conical
flasks, with multiple cultures being inoculated at the same time using different
volumes of starter culture to achieve an §bsuitable for bioenergetic chamber

experiments QDsoo ~ 1-2) at staggered times.

M. tuberculosisstrains were grown in Middlebrook 7H9 media (Sigitdrich)
supplemented with Tween 80 (0.05% v/v), glycerd (BM), Middlebrook OADC

5€



(bovine albumin fraction V (50 mg/mL)dicose (20 mg/mL), catalase (0.04 mg/mL),
oleic acid (0.5 mg/mL), sodium chloride (8.5 mg/mL)) (10%awpantothenate (48
ug/mL) Leucine (0.5 mg/mL) was addednm?6206 cultures. Starter cultures were
prepared by inoculating 10 mL of growth media with 10 pL glycerol stock in T25 cell
culture flasks. These were incubated without shaking®@7until an Olgyo > 1 was

reached (ca. 14 days).

Cultures for bioenergetic chamber experiments were prepared using 120 mL media in
T225 cell culture flasks (1#6206) or 40 mL media in T75 cell culture flasks’62@0

and cydAB and were incubated without shaking (3@ until anODsoo0f 0.7-1.3 was
reached (ca. & days).

2.1.3.NMR chamber growtmeasurements

B. subitilisl68 spores (2L) were added to LB broth (39 mL) in the NMR airlift chamber
and a 250 mL conical flask, both of which were then incubated 8C3Theconical

flask was shaken and the NMR chamber culture was mixed and oxygenated using a

flow of filtered compressed air.

M. smegmatis mc?155 was grown inMiddlebrook 7H9 media (Sigr#sdrich)
supplemented with Tween 80 (0.05% v/antifoam C emulsiof0.05% v/v)and a
carbon source (succinate or glycerol, 50 mM). Two conical flasks, each containing 39
mL of media, were inoculated and incubated overni@moC, 200 rpmuntil an Olgho

of 0.40.6 was reached. One culture was then transferred to the NMR chamber,
incubated in a water bath3{ °C) and a filtered flow of approx. 80% oxygen at a rate

of 0.05 LPM was bubbled throng ORoo readings were taken roughly every two
hours, with fresh media being used to top up the NMR chamber if there was a

noticeable drop in volume.

2.2. BIOENERGETIC CHAMBER CONDITIONS

2.2.1.Metabolic inhibitor/ionophore stock preparation
Stocksolutions ofmetabolic inhibitors/ionophores were prepared as outlined in table

2.2. Dilutions were prepared as needed for experiments with the bioenergetic
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chamber using the same solvent as the stock solution. All BDQ experiments used the

ethanol stock solution except for those that required the addition of 10 uM BDQ to

the bioenergetic chamber.

Table2.2: List of inhibitor stock solutien

Inhibitor/ionophore/ Supplier Concentration of Solvent
uncoupler stock solution/ mM
CCCP Alfa Aesar 50 Ethanol
FCCP MedChemExpres 50 Ethanol
(MCE)
BAM15 SigmaAldrich 2 Ethanol
Rotenone Santa Cruz 1 Ethanol
Biotechnology

Piericidin A Apexbio 12 Ethanol

TRZ SigmaAldrich 75 Ethanol

TFPZ Cayman Chemice 80 Water
Company

HQNO Cambridge 10 Ethanol
Bioscience

CFz Thermo Scientific 0.5 Ethanol
Chemicals

CHQAD Drug Discovery 10 Ethanol

Unit, University

of Dundee

3NP Fluorochem 50 Water
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Antimycin A SigmaAldrich 2.5 Ethanol

Oligomycin A Selleck Chemical 6.3 Ethanol

DCCD SigmaAldrich 100 Ethanol

Nigericin Cayman Chemice 5 Ethanol
Company

Valinomycin Cayman Chemice 10 Ethanol
Company

BDQ AdooQ 0.3 Ethanol
Bioscience

10 DMSO

2.2.2.Bioenergetic chamber measurements

For M. smegmatisexperiments, 5 mL of culture were removed and cells from this
extract were then pelleted in a centrifuge tube (tabletop swing bucket centrifuge,
4500 rpm, 5 mins, 37C), washed once anmésuspended in a buffer solution (20 mM

HEPES, 150 mM NaCl or KCI) or growth media excluding Tween 80.

ForM. tuberculosigxperiments, 30 mL (m6206) or 3 mL(mc’6230 andcydAB of
culture were removed and cells from this extract were then pelleted in a centrifuge
tube (tabletop swing bucketentrifuge,4500 rpm, 5 mins, 37C), washed once and
resuspended i® mL of media excluding Tween 80 avididlebrook OADC.

These cell suspensions were transferred to the bioenergetic chandbejuartz
cruciblecontained inan aluminium block with a stainlesseel lidandglass stirrebar
(Ripple, Kim and Springe2013). Theéemperature in the chamber was maintained at
37°C. For all experiments unless specified, the oxygen concentration was kept at 100
>M/min. Oxygen was delivered via a flow of oxygen/nitrogen gas through platinum

cured silicon tubing, with the mixture being adjusted usoxygen concentration



measurements madeia the fluorescence lifetime of a phosphorescent membrane

fitted to the inside of the chambeiThe OCR of cell suspensions was determined by
comparing the rate of oxygen delivery through the silicon tubing with the measured
oxygen concentration inside the chamber. The tubing was replaced after each

experiment.

Cytochrome attenuatiorspectra were recorded asutlined by Rochaand Springett
(Rocha and SpringetR019).In experiments that used fitting, cytochromspectra
were fitted to model spectra obtained frooytochromes in mitochondriaWhere cells
were suspended in buffer solutioglycerol (10 pL, 70 %) was added shortly after the
start of data collectionSmall volumes (80 >L) of metabolic inhibitors/ionophores

were added to achieve the total concentration specified for each experiment.

2.3.NMR EXPERIMENTS

2.3.1.Sample preparation

To determine the reference power required for a°98diofrequency pulse, a 0.2 M
solution of Pwasprepared by dissolving NaPiQ (780 mg, 5 mmol) in deionised water
(25 mL).

For the widebore NMR spectrum oM. smegmatis the sample was prepared by
Rowan Walters. Brieflyyl. smegmatisIR128 was grown using the same conditions as
for bioenergetic chamber experiments. Once cells reachedaxmbnential phase
they were spun dowiitabletop swing bucket centrifuge, 4500 rpm, 5 mins®@Y,and
resuspended inrisSQ buffer solution (25 mM, pH 7.2) at approximately 10x their
original concentration. A 25 mL sample was transferred to a 50 mL conical tube and

this was used for NMR experiments.

Standard solutions of ATP, ADRVP and Pwere preparedin a buffer solution
comprised ofBisTris methane (25 mM), MOPS (25 mM) aidsCl (25 mM)as
outlined in table 2.3. Each solution was brought to the correct pH via additions of
hydrochloric acid or sodium hydroxide solutign540 pL sample of each solution was

taken and 60 pL 4@ was added to enable signal lock. In experiments with magnesium
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chloride, a 962 mM stock solution was prepared using deionised water (458 mg, 4.81

mmol, 5 mL) and 26 pL of this was added to the samples prepared as stated above.

Table 2.3:ATP, ADP, AMP and N&D solutions prepared for higresolution NMR

experiments.

Compound Mass (mg) Moles Volume Concentration pH
(mmol)  (cm?) (mM)

ATP disodium salt 275.7 0.5 25 20 6.7

275.7 0.5 25 20 7.7

275.7 0.5 25 20 8.7

ADP sodium salt 213.6 0.5 25 20 6.7

213.6 0.5 25 20 1.7

213.6 0.5 25 20 8.7

AMP disodium salt 195.7 0.5 25 20 6.7

195.7 0.5 25 20 1.7

195.7 0.5 25 20 8.7

NakPQi2H0 78.0 0.5 25 20 6.2

78.0 0.5 25 20 7.2

78.0 0.5 25 20 8.2

For the highresolution spectrum oM. smegmatisM. smegmatismc?155cells were
grown as using the same conditions as for bioenergetic chamber experiments. Once
cells reached migxponential phase (Qy= 23), they were pelletedtabletop swing
bucket centrifuge, 4500 rpm, 5 mins, 3Z) 540 uL of cells were removed and

resuspended in 300 pL of supernatant and 60 p@.D
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2.3.2.Wide-bore NMR experiments

NMR spectra were recorded on a Bruker 400 MHz UltraSMeldide-bore
spectrometer with a prenstalled micreimaging gradient system (Bruker, Micro2., 1.5
T/m) operated using Paravision 6.0.1 (Bruk&H2(MHz for3!P). Chemical shifts are

reported in units of parts per million (ppm) relative to 85% orthophosphoric acid.

To determine the reference power, spectra were recorded using a spgse
sequence (averages = 1, acquisition time = 102.4 ms, spectralwidB.5 ppm, 2048
points) with the reference power being varied from 5 to 40 W in increments of 2.5 W.
The integrals of the resulting signals were then plotted against the power using

MATLAB code written by Dr Aneurin Kennerly (supervisor).

3P NMR spectra oM. smegmatiswere recorded usingsinglepulse sequence
(reference power = 15 Wjcquisition time= 102.4 msspectral width= 123.5 ppm,
2048 point$ with some parameters being varied as outlined in table 2.4. Spectra were

processed in Bruker TopSpin 3.6.1 using a line broadening factor of 3 Hz
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Table 2.4 NMR Parameters used wide-bore NMR experiments performed on M.

smegmatis cells.

Experiment number Repetition time Averages () Flip angle {)
(TR) (ms)
1 1000 2000 90
2 800 2000 90
3 600 2000 90
4 400 2000 90
5 200 2000 90
6 600 1000 90
7 200 4000 90
8 200 4000 60
9 200 4000 30

2.3.3.Highresolution NMR experiments

NMR spectra were recorded on a Bruker 400 MHz UltraSheldide-bore
spectrometer operated usinBruker TopSpin 3.6(1.62 MHz for3!P). Chemical shifts
arereported in units of parts per million (ppm) relative to 85% orthophosphoric acid.
All spectra were recorded using a singldse sequence (averages = 4096, TR = 2.5 s,
acquisition time=511.2ms, flip angle = 36 spectral width= 395.7 ppm, 32768
points). Spectra were processed in Bruker TopSpin 3.6.1 using a line broadening factor

of 3 Hz and were then exported to Microsoft Excel.



3. VISIBLE WAVELENGTH REMISSION
SPECTROSCOPY

3.1.INTRODUCTION

3.1.1.Cytochrome spectroscopy

SDH2, the supercomplex and cytochrorbd oxidase in mycobacteria contain
prosthetic haem groups, porphyrin rings complexed to central Fe atfimse 3.1)
which are involved in electron transpo@#farian et al., 201 éqgbal et al., 2018(cong

et al., 2020. When a haem group is contained in a protein complex, these complexes

are dubbed cytochromes.

7 HS
y SH
0
=
o
OH o7 OH 0Pon o OH 0% gy o7 ~OH o7 ~OH

a-type haem b-type haem c-type haem d-type haem

Figure 3.1 Types of haems found in mycobacterial ETCs. In this diagram iron is shown
in the +2 ferrous oxidation state but will oxidise to the +3 ferric oxidation state upon

electron transfer.

Both complex 1l in mitochondria antlK-cytochrome ¢ oxidoreductasebcc in
mycobacteria contain twd-type haems If. and by) (Nicholls and Ferguson, 2002;
Igbal et al., 2018) MKcytochromec oxidoreductasebccalso has twa-type haems
(c1 and c) while complex Il in mitochondria has oo#¢ype haem ¢:1), with a second
being contained in cytochrome. Complex IV in mitochondria angytochromec
oxidaseaazin mycobacteriacontain twoa-type haems. No further cytochromes exist

in the mitochondrial ETC, while in mycobacteria SDH2 corttamb-type haensand
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cytochrome bd oxidase contains two furtheb-type haems and al-type haem

(Safarian et al., 201&ong et al.2020).

These cytochromes have absorbances in thevid\fegion and thus can be studied
using UWis spectroscopy. The type of haem group present and its environment
influence cytochrome absorption spectra, allowing for the identification of different
cytochromeshrough this method. By recording spectra at multiple wavelengths and
using deconvolution techniques, spectra recorded on mixtures of cytochromes can be

resolved and individual components identified (Berry and Trumpower, 1987).

This technique can be applied to isolated proteins or whole cells using specialised
equipment described below, enabling cytochrome concentrations to be measured
(Serebrennikova, Huffman and Gar8labio, 2015). Additionally, the absorption
spectrum of a dpchrome depends on the oxidation state of the Fe centre (Stokes,
1864). As a result, mutvavelength spectroscopy can be used to monitor changes in
the oxidation state of cytochromes in the ETC (figure 3.2). These measurements
provide a valuable insighihto the state of the ETC and its response to the presence

of various inhibitors/conditions.

— Steady state
— Anoxia

AAttenuation (mOD)

510 540 570 600 630

Wavelength (nm)

Figure 3.2 Remission spectra of M. smegmatis®155 cells recorded under steady
state and anoxic conditions, with changes in attenuatipgmttenuation) being
measured relative to an initial spectrum recorded on cells to reduce the impact of

baseline attenuation on the spectra. Under anoxic conditions the cytochromes are



more reduced and cytochrome peaks become visible in the spectrum, with the peaks

at 600 nm, 563.5 nm and 552 nm corresponding to a, b and c cytochromes respectively.

3.1.2.The bioenergetic chamber

The bioenergetic chamber (figure 3.3) is a device that allows simultaneous monitoring
of cytochrome oxidation states and oxygen consumption in live cells (Rocha and
Springett, 2019). It consists of a 5 mL quartz crucible surrounded by a metal heating
blockinto which liquid cultures can be loaded. A phosphorescent membrane with a
fluorescence lifetime dependent on oxygen concentration is fitted inside the chamber
and acts as an oxygen sensor. Oxygermeable platinurrcured silicon tubing is used

to supplycultures with oxygen and the OCR of cells can be determined using the rate

of oxygen delivery along with measurements of oxygen concentration in the chamber.

Addition
port Oxygen/nitrogen
mix
Lid
Aluminium
block
Oxygen-permeable
silicon tubin >
8 | j&«—— D
Phosphorescent _(— CCDs
membrane 1 '.
Quartz crucible Q Glass-coated
stirrer bar
Heating
plate

Figure 3.3 Basic diagram showing the structure of the bioenergetic chamber,
featuring an LED light source, with spectra being recorded by the CCDs (Rocha and
Springett, 2019).

This method of measuring oxygen concentration has several advantages over the
conventional Clark electrod€Ripple, Abajian and Springett, 201dp a Clark

electrode, oxygen diffuses across a s@aimeable membrane and is reduced at a
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platinum electrode, while silver is oxidised at a silver/silver chloride reference
electrode(Nicholls and Ferguson, 200Zhe resulting current is directly proportional

to the oxygen concentration in solution. Due to the need for oxygen to diffuse across
the membrane, a Clark electrode has a higher threshold for oxygen detection than a
phosphorescent membrane suspended ditg in solution (Melnikov et al., 2022). This
also results in the Clark electrode having a slower response time to changes in oxygen
concentration. Furthermore, replacement of a phosphorescent membrane upon signs

of degradation is less demanding than maintenance of a Clark electrode.

In addition to providing information on the OCR, the device contains CCDs that record
spectra of baclscattered light from the culture in the visible light regi@®ocha and
Springett, 2019 These spectra enable detection of changes in the oxidation state of
the cytochromes. Fitting the spectra to those obtained from isolated proteins
produces traces which show changes in the oxidation state of individual cytochromes

in response to metabolimhibitors/uncouplers or changes in conditions.

The use of remission spectroscopy (bachttered light) versus transmission
spectroscopy (light passing through a solution) allows spectra to be collected from
turbid cultures which are unsuitable for the lattéRocha and Springett, 201L9The

ability to collect spectra independent of cell density enables more control over the
OCR of samples, ensuring the OCR is high enough that detected changes are not

subject to a high margin of error.

However, use of this method does not give absolute spectra, with the amount of back
scatter being affected by factors such as-oetirphology. Instead, spectra can be
accessed qualitatively to determine whether cytochrome groups have oxidised or
reduced. Aternatively, if fully reduced and fully oxidised spectra are able to be
collected over the course of an experiment (and the experimentalist is reasonably sure
that this is the case), these can be set as reference points and the ratio of oxidised
versus reluced cytochromes can be determined and plottédipple, Kim and
Springett, 2013

Early data was collected using model spectra oflieb. and c¢; cytochromes from

mitochondrial complex Ill, mitochondrial @ghromec and asos from mitochondrial
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complex IV with the expectation they would correlate with absorbances from the
mycobacterial supercomplex. Later, this approach was found to be unsuitable and

instead raw difference spectra were used.

3.1.3. Aims for this chapter
The aim of this chapter is to develop a protocol for running experiments on
mycobacteria in the bioenergetic chamber and apply thisutmlerstanding. 5 v Qa

mechanism. This can be broken down into the following objectives:

I. Develop a method for preparing and usiiMy smegmatissamples in the
bioenergetic chamber.

Il. Investigate the impact of various metabolic inhibitors and
uncouplers/ionophore®n M. smegmatigo establish a metabolic toolkit that
can be used for studying the ETC in mycobacteria.

lll.  Use findings from objective | to develop a protocol for running experiments on
BSE2 compatibleM. tuberculosistrainsin the bioenergetic chamber.

IV. Determine the most effective means for analysing and interpreting data
obtained using the bioenergetic chamber.

V. Apply the results of objectivedV to elucidatethe mode of actionof BDQ in

M. smegmatisand M. tuberculosis

3.2.0OPTIMISATION OF COLLECTING DATA FROM
MYCOBACTERIA IN THE BIOENERGETIC CHAMBER

3.2.1.Developing a protocol for running experiments kn
smegmatidn the bioenergetic chamber

Prior to this work, the bioenergetic chamber had only been used to examine the ETC

in mitochondria. As a result, a method for working with mycobacteria in the chamber

KFrR 2 0S RS@OSt2LISR 0ST2NB &aidFNIAYy3a lye g2
mechanism stems from its role in treating TB, however duéotuberculosideing

slow growing, difficult to culture and requiring stricter safety protocols, initial
experiments were done in theapidly growing mycobacteriunM. smegmatis It was

in screeningsperformed with M. smegmatisthat DAR@ were first identified as
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potential anttTB compoundgAndries et al., 2005 validating it as a model organism
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kanamycinresistant strain oM. smegmatis(JR128)Rock et al., 20D)5was used in

initial experiments as this allowed use of growth media containing kanamycin in

starter culturestherefore redudngthe risk of culture contamination.

The data presented here is not fitted tmycobacterial spectra due to a lack of
available reference spectra and is therefore not a perfect insight into the state of the
mycobacterial ETC. Despite this, changes in cytochrome oxidation state due to
anoxia/inhibitors were observed, showing the mitmndrial model used serves to

make these initial measurements.

Figure 3.4 shows one of the first sets of data recorded on a cultuké& smegmatis

using the chamber, collected by Rowan Walters (PhD student). The top graph shows
the set and actual oxygen concentration in chamber, while the second shows the
measured OCR. The bottom three graphs all provide information on the oxidation
state of the cyochromes. As the cytochromes were not fully reduced and then
oxidised over the course of the experiment, exact oxidised/reduced ratios cannot be
calculated. Instead, thehanges in oxidation of the cytochromes are measured in AU,
with a decrease being representative of reduction and an increase indicating

oxidation.

In this run, no inhibitors were added but the oxygen concentration in the chamber
was set to zero for a short period. As the oxygen concentration falls to zero, all of the
cytochromes, except fomsos, reduce as oxygen is no longer present to act as a
terminal acceptor and so there is a bulg of charge on the ETC. Once oxygen is

reintroduced, oxidation of the cytochromes can be observed.

Of note, is that even when the oxygen concentration in the chamber is set to 100 uM
prior to anoxia, it can be seen to decrease. This indicates the length of silicon tubing
used did not allow for sufficient oxygen diffusion. The length was increased foom 8
mm to 130 mm, which allowed the oxygen concentration in later experiments to reach

and remain fixed at 100 uM.
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Figure 3.4 An example of data output from the bioenergetic chamber showing the
oxygen concentration in the chamber along with changes in OCR and cytochrome
oxidation states in M. smegmatis JR128 cells on taking the chamber to anoxia and then
reintroducing oxygen.édlls weregrownin 7H9 media with TweeB0 (0.05% v/v) and
succinate (50 mMand a sample was taken directly from culture. Data collection was

performed by Rowan Walters (PhD student). Haem model: mammalian.

Carbonyl cyaniden-chlorophenylhydrazineg(CCCPwas selected as the first inhibitor
to use in experiments with the bioenergetic chamber, given that it has been shown to
act in mycobacteria and should have a noticeable effect on cytochrome oxidation

states (Jeon et al., 2019). Furthermore, the actioumtouplers should result in an
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CCCP needed in order for its effects to be observed using the device, an initial titration

experiment was performed (figure 3.5).

Prior to the addition of CCCP, the oxygen concentration is increased to and held at 150
UM for a short period before being returned to 100 uM and then lowered to 0 uM for
a period. This is referred to as a tbpt and allows calibration of the oxygen

measuements, as well as demonstrating that cells are respiring.
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Figure 3.5:Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells in response to treatment with CCCP. Cells were gnoviO media with Tween

80 (0.05% v/v) and succinate (50 mihd a sample was taken directly from culture
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once an OBy of 0.6 was reached. Arrows on the second panel indicate the time of
CCCP additions, with the concentration given being the total concentration of CCCP in
the chamber following addition. Data collection was performed collaboratively with

Rowan Walters (PhBtudent). Haem model: mammalian.
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of 100 mM CCCP is added, resulting in a total concentration in the chamber of 40 uM.

As the MIC of CCCP\ntuberculosisvas found to be 20 uM (Jeon et al., 2019), it was

anticipated that an impact on cytochromes and OCR would be observed and this could

be treated as a maximum in future titration experiments. However, while there is

potentially a slight oxidation in thbx cytochrome population, no other effects are

observed. Even at a CCCP concentration of 120 uM where oxidatimni®fmore

apparent and there appears to be slight oxidatiorcothere is no obvious change in

the OCR.

Cells in this experiment were taken directly from culture that contained the detergent
Tween 80. Detergents are used when growing mycobacteria to prevent cells from
clumping together, as this results in an uneven suspension and could lead to different
cells receiving different levels of oxygenation. It is possible some CCCP may be
dissolving in the hydrophobic phase created by the detergent, reducing the amount
of CCCP reaching cells, as this would explain why such high concentrations are needed
to see sigificant effects under these conditiong:ollowing this experiment, the
carbon source used was changed to glyceaslprior work byRowan Walters (PhD
student) demonstrated glycerejrown M. smegmatiscells contained the lowest
amounts of cytochroméd oxidasecompared withM. smegmatisells grown on other
carbon sourceqdata not published). This is because there were concerns over
cytochrome signals from cytochroml oxidase overlapping with those from the

supercomplex, complicating interpretation ofeluata.

To test this hypothesis, experiments were conducted with cells grown using different
concentrations of Tween 80, with the expectation that using a lower concentration of
the detergent would result in CCCP demonstrating stronger effects on cells at lower

concentrations. Additionally, in case small changes in OCR were being masked by the
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chamber adjusting the oxygen concentration in the tubing in order to maintain the set
concentration in the chamber, these experiments were run without running oxygen
through the tubing. This was achieved by flowing 100% oxygen through the tubing
prior to the experiment and allowing the oxygen concentration in the chamber to

equilibrate before setting the oxygen flow to 0% and titrating in CCCP.
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Figure 3.6:Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells grown ivH9media containingA and B) 0.05% Tween 80 0£)(0.01% Tween.

Cells were grown using glyce(6D mM)as a carbon source and a sample was taken
directly from culture once an @gof (A) 2.2 8) 0.7 or O 1.6 was reachedB@nd Q
Arrows indicate the time of CCCP additions, with the concentration given being the

total concentration of CCCP in the chamber following each addition. Data collection



was performed collaboratively with Rowan Walters (PhD student). Haem model:

mammalian.

Changes in the oxidation states of all cytochromes are observed with 1 uM CCCP in
cells taken from cultures containing 0.01% v/v Tween 80 (figure 3.6), while in the
culture containing 0.05% v/v Tween 80, only a small change in the oxidation level of
the bL cytochrome is seen. In both cases, as well as a control in which no CCCP was
added, the OCR of cells increases as they near anoxia. This may be a response of the
cells to a decrease in oxygeoncentration, however it could also be an artifact
generated from how the OCR rate is determined when no oxygen is flowing through
the tubing. Due to this, it is difficult to interpret the impact of CCCP on OCR under

these conditions.

As a decrease in the amount of detergent in the sample increased the sensitivity of
the cells to CCCP, this indicates that the presence of a detergent does affect cellular
uptake of CCCP. Therefore, to acquire the best quality data, later experiments were
done on washed cells, rather than those taken directly from a culture containing a

detergent.

The method of running the chamber without flowing oxygen through the tubing is not
effective for measuring changes in OCR and a limited number of additions are possible
before the chamber becomes anoxic. Another experiment was performed, this time
using thke oxygen delivery system to maintain the oxygen concentration in the
chamber at 106-M (figure 3.7). Cells were washed and resuspended in a HEPES buffer
solution, with the hope that removal of any detergent may allow for changes in OCR
on addition of CCC® be observed.

When washed cells are added to the chamber, their OCR is relatively low as a result of
the majority of the carbon source being removed during the wash. 10 pL of 70%
glycerol are added prior to calibration of the oxygen delivery system to ensure there
is suficient carbon source. From the end of the tbat, the level of oxidation of all
cytochromes except foasos appears to gradually decrease, while f@psa gradual
increase in oxidation is observed. As this trend does not change with the additions of

CCCP up to a total CCCP concentration of 800 nM (at which point a slight reduction in
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cyt c can be seen corresponding with a CCCP addition), it can be concluded that this
overall trend is not due to the presence of CCCP and is likely due to some sort of

spectral artefact that may be unrelated to the cytochromes.
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Figure 3.7:Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells on addition of increasing concentrations of CCCP. Cells wereigitdé media

with Tween80 (0.05% v/v) and glycerol (50 mM)nce an O of 2.3 was reached, a

5 mL sample was taken, washed once and resuspended in HEPES buffer solution (20
mM HEPES, 150 mM sodium chloride, pH = 7.4). Arrows indicate the time of additions,
with G representing the addition of 10 dR%glycerol(final concentration 19 mM)

and the subsequent condeation values being the total concentration of CCCP in the



chamber following each addition. Data collection was performed collaboratively with

Rowan Walters (PhD student). Haem model: mammalian.

At a 1.2 uM concentration of CCCP, there is another slight reduction eranyt cytc:
but it is only at 10 uM CCCP that an impact on all ofaytechromes is observed.

There is a small increase in OCR on addition of 800 nM CCCP, with a further increase

200dNNAY 3 6KSy GKS ///t O2yOS8SydNIGA2Y A&

of candc:is observed andhe OCR decreases with each addition of CCCP. This may
be a sign that at this concentration and under these conditions, CCCP affects cell

viability inM. smegmatis

These results demonstrate the importance of removing the detergent from samples
before transferring them to the bioenergetic chamber. Having established a method
for exploring the effects of specific compounds on mycobacteria using the
bioenergetic chamberexperiments with other metabolic inhibitors/uncouplers were
conducted (see section 3.2.2) and further revisions were made to this protocol, based

on the results obtained.

Experiments with nigericin and valinomycin, which act as a proton/potassium ion
exchanger and a potassium ion transporter respectively, prompted consideration of
the salt included in the buffer (figure 3.8). In initial experiments, 150 mM sodium
chloride was added to ensure the salinity was appropriate so no orfeswvypotassium

ions would have been present outside cells. Under these conditions an increase in OCR
and reduction of theb cytochromes is observed with valinomycin, while nigericin
appears to hae no effect up to 20 uM despite having activity agaMstuberculosis

with a minimum bactericidal concentration 90% (MB@alue of 1.25 uyM (Rao et al.,
2008). Swapping sodium chloride for potassium chloride did not have a significant
impact on the effects seen with nigericin but did result in a notable increase in OCR in
the control compared to the sodium chloride bufféable 3.1) The reason for this
increase is unclear but did bring into question the importance of the ion composition

of the buffer.Additionally, here was some concern that removing the carbon source

NJ
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in future experimentghe carbon source was added to the wash media at the same
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Figure 3.8:Changes in OCR and cytochrome oxidation states in M. smegmatis JR128
cells on addition of increasing concentrationsA)frfigericin or B) valinomycin. Cells

were grownin 7H9 media with Twee80 (0.05% v/v) and glycerol (50 mMince an

ODyoo Of (A) 0.9 B) 1.7 was reached, a 5 mL sample was taken, washed once and
resuspended in HEPES buffer solution (20 mM HEPES, 150 mM sodium chloride, pH =
7.4). Arrows indicate the time of additions, with G representing the addition of 10 pL
70%glycerol(final concefration 19 mM)and the subsequent concentration values

being the total concentration ofA] nigericin or B) valinomycin in the chamber

following each additionHaem model: mammalian.
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Table 3.1 Changes in the OCR of M. smegmatis JR128 measuredbiod¢nergetic
chamber on the addition of 1) nothing, 2) 1 uM valinomycin, 3) 1 uM nigericin in 20
mM HEPES buffer (pH = 7.4) containing 150 mM sodium chloride or 150 mM potassium

chloride.
Saltin lonophore Change in OCR 20 mins pos Percentage
Buffer addition (UM mir?) change (%)
Sodium None 1 2
chloride ) ,
Valinomycin 8 11
Nigericin 0 0
Potassium None 8 10
chloride ) .
Valinomycin 10 13
Nigericin 9 12

In an effort to place as little stress on the cells as possible prior to any drug additions,

the decision was made to try resuspending them in 7H9 media, without Tween 80.

The HEPE&nNtaining resuspension buffers used prior to these tests had a pH of 7.4

while 7H9 growth media has a pH of 6.6+0.2. To check whether changes observed in

the bacteria were due to a change in ion composition of the resuspension buffer or a

change in pH, experiments were first run using 7H9 media with a pH of 7.4. There were
conerns that the ferric ammonium citrate and copper sulfate in 7H9 may result in
production ofreactive oxygen speciega Fenton chemistry with prolonged exposure

G2 G0KS 0A2SYSNHSOGAO OKIYOSNRa [95d ¢2 GSai
OStfaqQ h/w 208SN) GAYS 6SNB O2yRdzOGSR Ay 711 @
two compounds (figure 3.9T.hese experiments were performed using a WT strain of

M. smegmatigmc?155), to ensure the kanamyehesistance mechanism of the JR128

strain did notimpact the results.
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Figure 3.9Changes in OCR and cytochrome oxidation states in M. smegmé&tissmc
cells washed and resuspendedA) TH9 without ferric ammonium citrate and copper
sulfate supplemented with 50 mM glycerol (pH = 7.4B»7H9 supplemented with
50 mM glycerol (pH = 7.4). Cells were graavidtH9 media with TweeB0 (0.05% v/v)
and glycerol (50 mMand samples were taken once andaiof (A) 1.4 or B) 1.3 was

reached Haem model: mammalian.

Inclusion of ferric ammonium citrate and copper sulfate leads to a more stable OCR,
with a 6% increase over a -20inute period following calibration of the oxygen
system, compared with a 25% increase in the absence of these compounds. There are
two possibé explanations for this, the first being that the greater increase in OCR

without ferric ammonium citrate and copper sulfate is due to cell growth over the



course of the experiment which would indicate the compounds do have a negative
impact on cells under the conditions present in the bioenergetic chamber.
Alternatively, the lack of these compounds may place more stress upon cells, with the

increase in oxygeconsumptionbeing a response to this.

Of these two explanations, the latter is more likelyMssmegmatishas a doubling
time of 34 hours and so cell growth alone is not sufficient to account for a 25%
increase in OCR over a-@linute period. Because of this, and because a more stable
OCR makes it easier to track changes due to compound addition, the desigas
made to include ferric ammonium citrate and copper sulfate in the resuspension

buffer in future experiments.

Experiments with 7H9 media at pH 6.6 reveal the importance of maintaining the
correct pH. Under these conditions there is a drop in OCR accompanied by changes in

b and c cytochrome oxidation state on addition of>M nigericin (figure 3.10). It is

likely that resuspending cells in a pH 7.4 media means the PMF is composed entirely
of n A The proton/potassium ion exchanging activity of nigericin is able to digppht
butnotp &~ GKdza gKeé y2 STFSOUa INBS 20aSNBSRO
that it ads as a proton/potassium ion exchanger, collapgupgd while maintaining

N A so it is important the conditions used in the bioenergetic chamber would allow

this to be observed. A summary of how the protocol for performing bioenergetic

chamber experiments witM. smegmatidhas been optimised is included in table 3.2.

8C

hy



150 ___/.\' Nigericin,\

100 _
— Set
— Actual

O, concentrationin
chamber (uM)

0 1 m 10 20 SaﬁM
100 7\

80 - N
60 -
40 -
20 -

OCR (uM/min)

Change in
cytochrome
oxidation (AU)

Change in
cytochrome
oxidation (AU)

Change in
cytochrome
oxidation (AU)

_5 T T T
0 10 20 30
Time (mins)

Figure 3.10Changes in OCR and cytochrome oxidation states in M. smegmétissmc
cells on addition of nigericin. Cells were grawryH9 media with Twee80 (0.05%

v/v) and glycerol (50 mM)Once an Odg of 2.1 was reached, a 5 mL sample was
taken, washed once and resuspended in 7H9 supplemented with 50 mM glycerol (pH
= 6.6). Arrows indicate the time of nigericin additions, with the concentration given
being the total concentration of nigericin in theathber following additionHaem

model: mammalian.
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Table 3.2 Summary of the changes made to the protocol for performing experiments
on M. smegmatis cells using the bioenergetic chamber in order to optimise the

procedure.

Observation Response

Chamber unable to hold oxygen Increased length of tubing from 80 mr

concentration at 106-M to 130 mm

High concentrations of CCCP require =~ Washed and resuspended cells in
to see any effect on cells HEPES buffer (20 mM HEPES, 150 1
sodium chloride, pH = 7.4) to remove

detergent

No effects observed on addition of = Changed salt in buffer to potassium

nigericin chloride

Still no effects observed on addition ¢ Resuspended cells in 7H9 (at pH 7.
nigericin; notable increase in OCR ev excludingferric ammonium citrate and
when no compounds added copper sulfateand supplemented with

glycerol

Notable increase in OCR even when  Resuspended cells in 7H9 (at pH 7.

compoundis added supplemented with glycerol

OCR more stable in the absence of Resuspended cells in 7H9 (at pH 6.¢

inhibitor/ionophore addition supplemented with glycerol
Nigericin displays effects on cells at No further optimisation oM.
concentration of I>M smegmatigprotocol

82



3229ai0F ot AaKAY3I | MWSnegnaist AO al22f
LYy 2NRSNJ (2 StdzOARIFIGS .5vQa YSOKFYyAAYZI Al

with well-established modes action to which BDQ can be compared. Furthermore,
being able to selectively inhibit specific complexes in the oxidative phosphorylation
system allows for a deeper probing of the impact of different drugs and could highlight

targets for potential combinatin therapies.

As part of the preliminary work with the bioenergetic chamber, various respiratory
complex inhibitors were trialled to establish whether they are active in mycobacteria,
what concentration is required to see activii;md under which conditionsResults

from these experiments are summarised in table 3.3.

Table 3.3 List of uncouplers, ionophores and oxidative phosphorylation inhibitors
examined for activity in M. smegmatissing the bioenergetic chamber and their
observed effects on the bacteria. All samples were grown to log phase in 7H9, 50 mM
glycerol and 0.05% Tween, before being washed and resuspended in the listed
media/buffer. 7H9 media was at a pH of 6.6 while HERESr solutions were at pH

7.4.

Compound Target Resuspension Conc. Observations
media
CCCP Uncoupler 7H9,50 mM 15 Increase in OCR.
Gly >M Oxidation ofb
cytochromes.

25>M Decrease in OCR.

Further oxidation ot

cytochromes.
FCCP Uncoupler 7H9,50mM 1>M Increase in OCR.
Gly Oxidation ofb andc
cytochromes.

y



5-25 Decrease in OCR.
>M Further oxidation ob and

c cytochromes.

BAM15 Uncoupler 7H9,50 mM 1.5 Increase in OCR.
Gly >M Oxidation ofb

cytochromes.

25>M Decrease in OCR.

Oxidation ofb andc

cytochromes.
Rotenone  NDH1 7H9,50 mM  5>M No observable effects.
inhibitor Gly
Piericidin A NDH1 7H9,50 mM  x mn Drop in OCR, likely due to
inhibitor Gly >M off targets effects at this
concentration.
TRZ NDH2 20 mM HEPES 180 Increase in OCR.

inhibitor 150 mM NaCl >M Reduction ob

cytochromes.

360 Arrest of oxygen

>M consumption.
Slow oxidation ob andc
cytochromes over 120

mins.
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TFPZ NDH2 20 mM HEPES 200 Increase in OCR.
inhibitor 150 mM NaCl >M Reduction ob
cytochromes.
400 Arrest ofoxygen
>M consumption.
Slow oxidation ob andc
cytochromes over 120
mins.
HQNO NDH2 20 mM HEPES 10>M Increase in OCR.
inhibitor 150 mM KCI Oxidation ofb
cytochromes, reduction of
aandc cytochromes.
100 Decrease in OCR.
>M Further reduction ot
cytochromes.
CFz NDH2 7H9,50 mM 35 nM Absorbance of CFZ
inhibitor Gly obscures spectral changes
of cytochromes.
CHQAD NDH2 7H9,50 MM 3.2 OCR decreases as
inhibitor Gly 22.8  concentration increases.
>M Slight oxidation ob, cand
a cytochromes at highest
concentration.
3NP SDH 7H9,50 mM  50>M No observable effect.
inhibitor Gly




Antimycin A bcc 20 mM HEPES 6>M  No observable effect, may
complex 150 mM NacCl not be active in
inhibitor mycobacteria.

Oligomycin ATP 7H9,50 mM  10>M No observable effect, may
synthase Gly not be active in
inhibitor mycobacteria.

DCCD ATP 7H9,50 mM  10>M Slight increase in OCR.
synthase Gly Slight reduction ob andc
inhibitor cytochromes.

50>M Decrease in OCR, likely dt
to off-target effects.

Nigericin H*/K* 7H9,50 mM  1>M Immediate drop in OCR
exchanger Gly that recovers with time.

Oxidation ofbo andc
cytochromes and slight
oxidation ofa
cytochromes.

Valinomycin K* 7H9, 50mM 10>M Increase in OCR.
transporter Gly Reduction ob

cytochromes.

Piericidin A and rotenone are two common inhibitors of complex | in mitochondria
and both have been used in experiments on mycobacteria (Degli Esposti et al., 1994
Rao et al., 2008eites etal., 2019). High concentrations of Piericidin A (around 10
100 pug mtl) have been observed to inhibit growth ™. tuberculosisgrown on

{ I dz{i 2 y Q &Bee$S & Al.d2019). This concentration was greatly reduced to <1

pug mLtin a strain oM. tuberculosisin which genes for NDB had been deleted with
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a similar, although less markgtlend being observed with rotenone, indicating that

both inhibitors are able to enter mycobacterial cells and inhibit NDH

Results irM. smegmatisfound rotenone displayed no activity up to a concentration

of 5 >M, the maximum that could reasonably be achieved in the chamber due to
NREGSYy2ySQa az2fdzoAfAlded ¢ KNBHL adtiviy beigF Ol A ¢
significantly lower (95%) than NElHactivity inM. smegmatigVilchéze et al., 2005)

thus even if rotenone is able to enter cells and bind to NDkhere is little effect on

the activity of the ETC.

A drop in OCR is observed with 2B Piericidin A, however this is far above the
concentration that should be required to inhibit NElHsuch that there is an equal
drugto-protein ratio. It was concluded this decrease in OCR is likely due-targét

effects.

All NDH2 inhibitors trialled displayed activity M. smegmatisCFZ has a strong broad
absorbance at 495 nm in its monoprotonated form making it unsuited for experiments
with the bioenergetic chamber focused on examining cytochrome redox stedgsv
2-heptyt4-quinolinol Xoxide (HQNQ stimulates an increase in OCRith a decrease
being observed when this concentration is increased to | 10Due to the solubility

of HQNO, concentrations above 200 uM could not be achieved in the chamber.
Trifluoperazie (TFPXandthioridazine(TRZ both increasethe OCRof M. smegmatis

at concentrationsKH juM (figure 3.11).

Higher concentrations of TFPZ and TRZ result in complete inhibition of oxygen
consumption, with theb and c cytochromes oxidising over a period of-25 mins
following the drop in OCR. The mechanisms of these two compounds have not been
investigated in detail, however they are structurally related to CFZ and so likely have
a mechanism similar to that outlaid section 1.5.3. The difference in the effects of
TFPZ and TRZ at different concentrations is likely a consequence of them undergoing
this redox cychig at lower concentrations, while at higher concentrations they are
able to outcompete MK, resulting in oxidation of the quinone pool and consequently

oxidation of the supercomplex cytochromes and arrest of oxygen consumption.
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Figure 3.11:.Changes in OCR and cytochrome oxidation states)ii( smegmatis
mc?155 cells in response to increasing concentrations of H@XEDN. smegmatis
JR128 cells in response to increasing concentratior®y 3iRZ orR) TFPZ. Cells were
grownin 7H9 media with TweeB0 (0.05% v/v) and glycerol (50 mM)nce an O&o

of (A) 2.4 B) 2.0 O 2.3 was reached, a 5 mL sample was taken, washed once and
resuspended in HEPES buffer solution (20 mM HEPES, pH = 7.4) with)eitnm(M

KCI or B, 150 mMNacCIl. 10 pL of glycerol was added prior to the start of each run.
Arrows represent the time of additions, with concentrations corresponding to the total
concentration of the relevant inhibitor in the chamber following each additBq) (
Data collection was performed collaboratively with Rowan Walters (PhD student).

Haem model: mammalian.
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N-(4,4-difluorocyclohexyh-((4-oxo-3,4-dihydroquinazolir2-yl)thio)acetamide

(CHQAD) is a recently discovered inhibitor of NORM. tuberculosisvith a reported

MIC of 0.4>M (Murugesan et al., 2018). While the compound did show some activity
in M. smegmatis it was not able to fully arrest oxygen consumption at the maximum
concentration that could be added to the chamber (figure 3.12). This suggests it does

not fully inhibit NDH2 inM. smegmatis

£ _ 150 CHQAD
5=
® 2 100 -
]
$E 504 — Set
5= — Actual
=
N : : .
© 0 10 20 30
T 907 0.1uM 04uM 4 g m
E 20 | W \/ N 6.4 UM
s N V 22.8 UM
2 0 1 0.2 uM 1 ) A \%
& : 0.8 uM 3.2uM
© g . . 12.8 uM .
0 10 20 30

Change in
cytochrome
oxidation (AU)

5 — Cytc
— Cytc,

Change in
cytochrome
oxidation (AU)

0 oAyt

0 10 20 30
Time (mins)

Change in
cytochrome
oxidation (AU)

-5

Figure 3.12Changes in OCR and cytochrome oxidation states in M. smegmétissmc
cells on addition of CHQAD. Cells were growitiH9 media with TweeB0 (0.05% v/v)

and glycerol (50 mM)Once an Odgo of 1.1 was reached, a 5 mL sample was taken,
washed once and resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6).

Arrows indicate the time of additions of CHQAD, with the concentration given being



the total concentration of inhibitor in the chamber following addition. Haem model:

mammalian.

3-nitropropionate (3NPB is able to act as an inhibitor of SDH asdcitrate lyasebut
has been found to act predominantly as an SDH inhibitdd.ituberculosigEoh and
Rhee, 2018 Although 3NPhas been shown to havdetrimental effects on cell
growth/viability in mycobacterial cells adapting to hypoxitagdoes not display any
activity inM. smegmatisand M. tuberculosifEoh and Rhee, 201Becsi et al., 2004
No effects were observed on glycegriown M. smegmatiscells in the bioenergetic

chamber, although this is likely because glycgrown cells will contain little SDH.

There are several known inhibitors of tlheccomplex inM. tuberculosisincluding
Q203, withan MIGo of 2.7 nM in brothand lansoprazole sulfide, with ansy©f 460

nM in broth (Pethe et al., 201Rybniker et al., 2015M. smegmatigs insensitive to
both of these compounds, indicating it is less susceptible to cytochbmtiahibition.

This may explain the lack of activity observed with antimycin A, which has not
previously been trialled in mycobacteria, however, this insensitivity is partially
mediated by activation of cytochrontsd oxidase (Chauhan et al., 2022) which should
be observable using the bioenergetic chamlkthrough changes in cytochrome
oxidation states. The absence of theskangeswith the addition of antimycin A
suggest it is not active in mycobacteria, either due to an inability to enter cells or bind

to mycobacteriaMK-cytochromec oxidoreductasébcc

CCCPRgarbonyl cyanideo-trifluoromethoxyphenylhydrazon¢FCCPand N°,N6-Bis(2
fluorophenyl)[2,1,3]oxadiazolo[4;B]pyrazine5,6-diamine (BAM13 are known

protonophores and all display similar activity ikl. smegmatis At lower

concentrations they stimulate an increase in the OCR, along with oxidation &f the

OB U20KNRYSad ! (1 KAIHRSNI2OIZ Y @Syl NIYIR 2.y1aa&M po>K H
FCCP) a drop in the OCR is observed on addition of the protonophore along with
oxidation of thec cytochromes (figure 3.13). These changes are likely due to the
concentration being such that cells can no longer offset the movement of protons via

the protonophore by ncreasing the activity of proton pumping complexes in the

chain, resulting in dissipation of the PMF and disruption to #iMéd processes.
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Figure 3.13Changes in OCR and cytochrome oxidation states in M. smegmatissmc
cells in response to increasing concentration®pOCCPB] FCCP o€ BAM15. Cells
were grownin 7H9 media with TweeB0 (0.05% v/v) and glycerol (50 mMind once
mid-exponential phase was reached, a sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6), such that the final
ODsoo was between 1.4.7. Arrows represent the time of additions, with
concentrations corresponding to the total concentration of the relevant uncoupler in

the chamber following each addition. Haem model: mammalian.

In addition to changes in cytochrome spectra, an increase in absorbance at the far end

of the spectrum (510 nm) is seen with increasing concentrations of BAM15 (figure
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3.14). BAM15 has @nax0f 328 nm at pH 7 (Firsov et al., 2021), so it is possible the
changes observed are due to a broad absorbance of BAM15. Alternatively, BAM15
may be affecting the scattering of light, either due to it precipitating out of solution or
through it impacting he morphology of cells. Therefore, while BAM15 is active in
mycobacteria, it is less suitable for experiments with the bioenergetic chamber than

CCCP and FCCP.

3 BAML5

% ., | ccep é um
E "

s 0 — 25 uM
§ 1uM

g 02 — 54

& — 25 uM

g T Ll|

-0.8

-0.4

510 540 570 600 630 510 540 570 600 630 510 540 570 600 630
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 3.14Difference spectra recorded during the experiments shown in figure 3.13,
showing the effect of increasing concentrationsAfCCCPB] FCCP o€ BAM15 on
cytochrome oxidation in M. smegmatis #h65 cells. Attenuation spectra were

averaged over a period of 1 min.

In addition to protonophores, the ionophores nigericin and valinomycin were tested
for activity in mycobacteria. In theoygigericin should collapggH while maintaining

n Aby transporting protons into the cell while transporting potassium ions out of the
cell. Addition of I>M nigericin results in an initial drop in OCR and oxidation obthe
andc cytochromes followed by a recovery to steady state conditions over a period of
15-20 mins (figure 3.15). These changes are likely due to disruptigppptédinked
processes which cells are then able to compensate for through increasmup

minimisethe overall change to the PMF.

Valinomycin transports potassium ions across the cell membrane, thereby disrupting
N A Addition of 10>M stimulates an increase in OCR, consistent with an increase in
the activity of complexes in the ETC to counter the uncoupled transport of cations
across the membrane. Counter to the action of protonophores however, a reduction

of the b cytochromes is observed.
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Figure 3.15Changes in OCR and cytochrome oxidation states in M. smegmétssmc
cells in response to increasing concentrationsAph(gericin or B) valinomycin. Cells
were grownin 7H9 media with Twee80 (0.05% v/v) and glycerol (50 mM)nce an

ODsoo Of (A) 1.9 or B) 0.9 was reached, a 5 mL sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6). Arrows represent
the time of additions, with concentrations corresponding to the total concentration of
the relevant ionophore in #h chamber following each additiorHaem model:

mammalian.
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Figure 3.16Changes in OCR and cytochrome oxidation states in M. smegmétissmc
cells in response to increasing concentration®pbligomycin ori) DCCD. Cells were
grownin 7H9 media with TweeB0 (0.05% v/v) and glycerol (50 mM)nce an O&o

of (A) 0.7 or(B) 1.1 was reached, a 5 mL sample was taken, washed once and
resuspended in 7H9 supplemented with 50 mM glycerol (pH = 6.6). Arrows represent
the time of additions, with concentrations corresponding to the total concentration of
the relevant inhibitor in tB chamber following each additiorHaem model:

mammalian.

For experiments with BDQ, comparison with a known ATP synthase inhibitor is
essential Oligomycin is a wekknown mitochondrial ATP synthase inhibitor but is

inactive inE.coli(Nieuwenhuis et al., 1973) and did not display any activitiin
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smegmatis(figure 3.16).N,N-dicyclohexylcarboiimid¢DCCIp also acts as an ATP
synthase inhibitor and binds covalently to carboxyl residues, blocking the movement
of protons through the enzyme (Hong and Pedersen, 2008). Addition ®1DCCD

to M. smegmatigesults in a slight immediate increase in OCR along with reduction of
b andc cytochromes. Higher concentrations result in a decrease in OCR, however this
is likely due to oftarget effects, as DCCD will react with any exposed carboxyl

residues, notyst those on ATP synthase.

Through these sets of experiments, there is now a catalogue of compounds active in
mycobacteria that can be used in studies with BDQ and future work on mycobacterial
bioenergetics. In addition, these data highlight some of the strengths of the
bioenergeticchamber. By acquiring measurements in real time, the chamber can be
used to investigate concentrations at which drugs begin to display effects on bacteria
in a single experiment without needing to wait for cell growth. Monitoring the OCR
and spectral chages in conjunction also allows verification of whether a drug is acting

as expected or displaying dtirget effects.

3.2.3.Growth of M. smegmatisstrains

Initial experiments with the bioenergetic chamber were performed using a
kanamycinresistant strain oM. smegmatigJR128), with kanamycin being added to
the growth mediaof starter culturesto reduce chances of contamination. To avoid
the possibility of anyesults with BDQ and other key drugs being impacted by the
&G NI Ay Qa-redistanté Meclanism, the WT strain #i5) was used for
experiments performed subsequent to investigations on the effects of buffer

composition.

The WT strain was observed to have a faster doubling time than JR128, which meant
the previous approach of taking samples from a single 500 mL culture over the course
of a day resulted in a large variation between thes@Df samples. To ensure samples
would be in the same growth phase across experiments, the use of smaller cultures
(50 mL) set up with different starting @swas trialled. Table3.4 demonstrates the
impact of the starting Of3o on the difference in time taken for cultures to reach the

same Olgoo. This method, combined with adjusting the initial sample volume taken
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from cultures depending on the @#g, allows for greater control over the cell densities

of samples.

Table 3.4:Growth of 50 mlcultures of M.smegmatis m&155 (WT) set off with
different volumes of starter culture and therefore at different startingségD Cells
were grown in 7H9 media supplemented wittwveen80 (0.05% v/v) and glycerol (50
mM) in 250 mL flasks which were incubated at@Avith shaking.

Time(hrs) ODso0 Of ODso0 Of ODso0 Of ODso0 Of
culture 1 () culture 2 () culture 3() culture 4 ()
0.0 0.005 0.010 0.020 0.040
17.3 0.400 0.600 1.200 1.600
18.9 0.600 0.900 1.600 2.300
204 0.800 1.300 2.100 2.700
22.0 1.300 1.800 2.300 2.800
23.8 1.800 2.300 2.900 3.000
25.5 2.300 2.900 3.500 3.600

Growth ofM. smegmatignutant strains was a subject of interest as these strains can

LINE A RS RSSLISNJ Ayardakaa Ayd2 .5vQa YSOKL Y,
cytochromebd oxidase knockoutncydAB lacking thecydABgenes (Lu et al., 2019)

and a strain with a point mutation in tregpEgene that renders it resistant to BDQ via

reducing its binding affinity with the-gng (AtpE3?Y (Koul et al., 2007). Prior to

working with these strains in the bioenergetic chamber, gromiasurementsvere

takento determine the timinggequired for cultures to reach a suitable gbtable

3.5).

The ncydABstrain has a slower growth rate compared to the WT strain but is

otherwise similar. The AtpEVstrain also displays slower growth and at ansof
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around 0.7 cells are observed clumping together even in the presence of 0.05% Tween
80. This clumping is not ideal for making measurements in the chamber as it can result

in cells being unevenly oxygenated which could impact results with BDQ.

Table 3.5:Growth of 50 mlcultures of different strains of M. smegmatis. Cells were
grown in 7H9 media supplemented witlwveen80 (0.05% v/v) and glycerol (50 mM)
in 250 mL flasks which were incubated at@#Avith shaking.

Time(hrs)  ODsooof WT culture  ODsoo0fn O& R!  ODsoo0f AtpEP32Y

0 culture() culture ()
0.0 0.01 0.01 0.01
16.9 0.70 0.20 0.30
19.0 1.20 0.40 0.50
21.2 2.20 0.70 0.60
23.6 3.40 1.30 1.10
25.7 4.10 1.80 1.40

In addition to these straingrowth measurementsof aM. smegmatisnutant strain

with deletion of theqcrCARjenes which encodine bccO 2 Y LIt gSrEABGgTe also
performed (table 3.6) Growth of this strain was notably slower than thatjafydAB

and AtpE32Y, speaking to the importance of the role of theccomplex in maintaining

the PMF, and therefore facilitating cell growth. As this strain is missing the
cytochromes contained in the bcc complex, it is unsuitable for use with the fitting
using modified mitochondrial spectra. Quantitative analysis wouldiiregreference
spectra of the remaining terminal oxidase (cytochroime oxidase). Due to this,
extensive experiments on this strain with BDQ were not planned but it remains a

potential tool to probe the mgobacterial ETC.
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Table 3.6:Growth ofa 50 mLculture of M. smegmatigqcrCABCells were grown in
7H9 media supplemented withween80 (0.05% v/v) and glycerol (50 mif)a 250
mL flaskwhich wasincubated at 377C with shaking.

Time(hrs) ODsoo of ngecrCARculture ()
0.0 0.01
21.8 0.20
24.8 0.30
25.8 0.40
28.2 0.40
45.4 4.40

In an attempt to solve the clumping issue with the Atfistrain, it was grown up in

LB supplemented with Tween 80 and glycerol, in the hopes that a richer nvedid

limit any clumping. Cells did grow more rapidly, but clumping was still observed at
ODsoovalues>1. Darabinose has previously been shown to disperse large clumps of
mycobacteria (Anton, Rougé and Daffé, 1996), so another growth in LB, this time
supplemented with tyloxapol and-Brabinose was performed. Clumps were only
observed once cells reachedetstationary phase, however use of this media resulted

in anomalous results in experiments with the bioenergetic chamber and is also not

suitable for comparison with experiments done with other strains in 7H9.

To address these issues, the AtpE strain was once again grown in 7H9
supplemented with Tween 80 and glycerol, but with the addition of 5 mM D
arabinose. Growth in this media is slower than that observed in LB and remains free
of visible cell clumps up to an @pof 2 table 37). These conditions were used for
bioenergetic chamber experiments, with-dbabinose being included in the wash

media in efforts to limit cells clumping once in the chamber.
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Table 3.7:Growth of 50 mlcultures of M. smegméis WT andAtpE32Y, Cells were
grown in 7H9 media supplemented witlween80 (0.05% v/v)glycerol (50 mMand
D-arabinose(5 mM)in 250 mL flasks which were incubated atG@#Avith shaking.

Time (hrs) ODsooof WT culture () ODxoo of AtpEP3?Veulture ()
0.0 0.01 0.01
17.9 0.50 0.20
20.0 0.90 0.30
22.4 1.60 0.50
24.5 2.20 0.60

3.2.4.Modifying the procedure to work witBSE2 compatibleM.
tuberculosis

M. smegmatisis a useful model organism for method development due to its fast
growth time comparative to other mycobacteria and npathogenic nature.
However, it is important to replicate key experiments with BD®irtuberculosigo
demonstrate findings irM. smegmatisare relevant in the pathogen. Developing a
protocol for working withM. tuberculosistrains in the chamber also allows for future

experiments further probing their biology.

The most commonly used. tuberculosistrain in laboratory work i. tuberculosis
H37Ry a virulent strainderived from oneoriginally isolated from a tuberculosis
patient (Chitale et al., 2022M. tuberculosisH37Rvmust be handled under BSL
conditions (Asai et al., 2020), which were not available for this project se2 BSL
compatible strains were used. B3lcompatible strains have the disadvantage that
the mutations which render them less virulent can also impaet $ystems under
examination (Behr & al., 1999; Liang et al., 2022For experiments with the

bioenergetic chamber and BDQ, it is important the metabolism, and in particular the



oxidative phosphorylation system, of the strain used is as close as possible to that in

virulent TB strains.

Someof the most widely used B&L strains inTBresearchare M. bovisBCG strains,
the TB vaccine, anil. tuberculosisH37Ra, an attenuated strain derived fraime
same clinical isolate @$37R\Zheng et al., 2008; Liang et al., 2D24. bovisstrains
lack 61 operreading frames compared d. tuberculosi$i37Ra, and alll. bovisBCG
strains have a region of difference 1 (RD1) deletB®ehf et al., 1999 RD1 contains
several genes associated wilh. tuberculosisvirulence, including those for CHBP
and ESA®, which are both important antigens (Daugelat et al., 20B88inn et al.,
2004).BCG strains harloo additionaldeletions compared toM. tuberculosidH37Ry
with these varying between strain®ehr et al., 1999)These mutations have been
acquired through random events over the courseMf bovisBCGbeing cultured
throughout the past century rather than via directed means. The result is that the
differences between these strains and virulét tuberculosisire not weltdefined in

terms of the impact o metabolism, making/. bovisBCG unsuited for this project.

M. tuberculosiH37Rawvas generated via culturing viruleM. tuberculosion solid

egg media for 3 months(Steenken, 1936 Compared tdvl. tuberculosidH37Ryv, the
genome of H37Ra contains 53 insertions, 21 deletions and 198 single nucleotide
variations (Zheng et al., 2008)The affected genes include several related to
metabolism, however the impacts of these differences are not fully understood,

making the H37Rstrainill-suited for experiments with the bioenergetic chamber.

M. tuberculosismc?6206is a strain derived fronM. tuberculosisH37Rv containing
deletions of genes required for leucine and pantothenate synthésiandpanCD,

meaning supplementation with leucine and pantothenate is required for growth
(Samspon et al2004). While these genes are involved in metabolisompared to

M. bovisBCG andM. tuberculosisH37Ra, thedifferences betweermc?6206 and

H37Rv are welllefined (Behr et al., 1999; Sampson et al., 2Q¥ng et al., 2008).
Additionally,leuDand panCDare not directly involved in oxidative phosphorylation,
making themc6206 A G N> Ay o0SGGUSNJ adzAGSR F2NJ GKS

mechanism.
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The protocoffor preparing samples d¥l. tuberculosisvas kept similar to that foM.
smegmatis save for additions to the growth and resuspension media and a longer
incubation period without shaking. Catalase contains four haem groups and so OADC
was excluded from the resuspension media along with Tween 80 to ensure these

haem groups would not intéere with the cytochrome spectra.
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Figure 317: Effects of OBy and sample volume on OCR and cytochrome oxidation

state traces in M. tuberculosis A6206. A,B) 5 mL or@ 30 mL were taken from of a

culture ofcellsgrown in7H9 supplemented with Tween 80 (0.05% v/v), glycerol (55
mM), Middlebrook OADC (10% viantothenate (48 pug/mL) and leucine (0.5 mg/mL)

oncean ORoof (A,O 0.8 or B) 4.4 was reached. Cells were washed and resuspended

in 5 mL 7H9 supplemented with glyce(6b mM) pantothenate(48 pg/mb and

leucine(48 pug/mb. Haem model: mammalian.
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The first sample added to the chamber had ans§Df 0.8, similar to that used for
some earlyM. smegmatisxperiments (figure 3.7). At this Olghothe OCR of cells is
around 4 puM/min which is too low to provide reliable information on the impact of

drug addition or allow the chamber to reach anoxia for calibration.

The next sample was taken from a culture which had been incubated until &g D

4.4 was reached. This gave an OCR betwe#® @M/min, which is lower than any
recorded forM. smegmatisat an Olgooof around 1 but is still sufficient for monitoring
changes in response to compounds that target the oxidative phosphorylation system.
At this Oloo, however, theb and c cytochrome traces appead to split as the
experiment progressed even without the addition of any inhibitors or ionophores.
Examination of attenuation spectra revealed the presence of 3 peaks, located at 530
nm, 570 nm and 620 nm, that correspond to a porphyrin mixture reported to

accumulate in dormanil. smegmatiscells (Nikitushkin et al., 2016) (figureL8).
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Figure 318: (A) Attenuation spectrum of M. tuberculosis %6206 cells recorded
during the experiment shown in figurel3B at 0.5 mins. (B) Difference spectrum
produced by subtracting the spectrum in (A) from one recorded at 18 mins in the same
experiment. All attenuation spectra were averaged over a period of 1 min with the

reported timepoint being the centre of the averageeriod.

Subtracting a spectrum recorded at the start of the experiment from one recorded at
the end reveals there is a loss of this porphyrin mixture over the course of data
collection, with a decrease in attenuation observed at all 3 wavelengths. The role of
this porphyrin mixture in cells has yet to hencovered. Subsequent experiments

showed the mixture is not present in an observable quantity in cells at an earlier

growth phase (0.4.0), and so it may be produced as part of a stress response upon
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the depletion of certain nutrients in the growth media. This would potentially explain
why a loss of the porphyrins is seen in the bioenergetic chamber, with the
reintroduction of previously depleted nutrients via the wash media resulting in a

reversal ofthe stress response.

The presence of the porphyrin mixture is undesirablaesange in the concentration

of porphyrins has the potential to obscure or distort changes in the cytochrome
spectra. To solve this issue without compromising the OCR, cells were grown to an
ODsoo0f 0.7-1.0 and then a 30 mL sample volume was taken. This sample was washed
and resuspended in 5 mL of resuspension media to achieve a final samgte>QID

This protocol generated samples with an OCR betweeA0LQM/min without any
traces of the porphyn mixture being observed in spectra (figure 3.20 C) and was used

in all subsequenm. tuberculosisnc’6206experiments.

Following experiments with BDQ afMd smegmatis it became clear a cytochrontsl
oxidase knockout strain d¥l. tuberculosisvould be required to see if similar results
could be replicated in a B&Lcompatible strain of the pathogeim order to ensure
any difference observed with the cytochrome oxidasel knockout strain were due
to the absence of the enzyme in question, the knockout used must be derived from
the same strain used for other experimenéscytochromebd oxidase knockout strain
of mc?6206 was not available, so the decision was made to switch to using
tuberculosisnc?6230. Themc?6230strain is similar to thenc?6206strain, having been
derived from H37Rv with wetlefined genetic differences: deletion of RD1 grahCD
(Sambandamurthy et al., 20D6These genes are halirectly involved in oxidative
phosphorylation and acytochrome bd oxidase knockout straif mc6230 (M.
tuberculosis pcydAB was readily available making mé&230 best suited for
subsequent experiments with the bioenergetic chambkr.experiments withM.
tuberculosistrains méc H 0 1 cydABRtheysample voluméaken from culture was

increase to 35 mL to further increase the OCR and intensity of the cytochrome spectra.

3.2.5.Changes in data analysis methodology
The original intention with the bioenergetic chamber was to collect reference spectra

from the mycobacterial supercomplex to replace the modified mitochondrial
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Oeli20KNRYS TFAOGGAYI dzASR Ay LINBfAYAYINE S
mechanism being so debated, it is imperative to prevent the introduction of any errors

in analysis due to incorrect fitting. Additionally, by collecting these spectra and
determining values for the mighoint potentials of thebn and b cytochromes, it would

enable the determination of Ain live cells.

Equation 3.1 demonstrates the relationship between the redox potentials obthe
andbyO& (2 OKNR Y D °I yshhe Gibbdfree energy for electron transfer

from b.to by, O andO are the redox potentials dby and bLandy is the fraction
of the dielectric distance of the insulating phase betwégrand b, (Kim, Ripple and

Springett, 2012).
3’0 ° 0 O 3w (Equation 3.1

By fully oxidising and fully reducing theytochromes in a single experiment with the
bioenergetic chamber and setting these as reference points, it is therefore possible to

dzaS GGKS OKIFIYOoSNI G2 20aSNBS OKIy3aSa AY paAd

Reduction of cytochrome groups in the ETC can be achieved via anoxia and addition
of the reducing agent sodium dithionite. Finding conditions to fully oxidise the
supercomplex cytochromes is more challenging, though in principle can be achieved
by inhibitng complexes earlier in the chain, resulting in oxidation of the MK/MKH

pool.

The focus of my project was originally on using NMR spectroscopy to study levels of
phosphorylated metabolites in live mycobacteria, as reported in chapter 4, and

FLILJX eAy3d GKA& G2 GKS aiddzRe 2F .5vQa YSOKLIY
in early D21 after my project was started. After preliminary experiments with the
bioenergetic chamber performed by Rowan Walters (PhD student) showed it could be

used with mycobacteria, | also started working with the chamber as a means to study

live cells. Thefst experiments with CCCP, as well the first titration experiments with

TFPZ and TRZ, were undertaken by Rowan and myself together. The results of these

studies demonstrated the power of the bioenergetic chamber, that it could be used
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that NMR.

Once our initial method of resuspending cells in a buffer solution was established, the

decision was made for Rowan to focus on the biochemistry required to obtain
mycobacterial reference spectra and midpoint potentials. Meanwhile, | continued
performing experiments on live cells, further optimising the protocol for working with
YeO20l OGSNAI Ay (GKS 0A2SYSNHSGAO OKIFYOSNI |
before conducting experiments with BDQ. This division of labour allowed us both to

have clear andlistinct aims and contributions.

Under the growth conditions used, the dominant contributor to the reductioniét

is NDH2, thus a selection of NDBiinhibitors was examined as a way to oxidise the
supercomplex cytochromes. Table 3.3 contains a full list of all inhibitors examined but
the most promising for this purpose were TRZ and TFPZ. Addition o\8@&® both

of these compounds tM. smegmatigesults in oxidation of the cytochromes over a
period of around 1820 mins. From the modified mitochondrial fitting, higher
concentrations appeared to oxidise the cytochromes further, but examination of
difference spectra revealed this was due to absod®of the inhibitors interfering

with the fit.

¢2 (GSad 6KSUKSNI GKAa YlIe Fftf2g dza G2 YSI &
conducted with the established uncoupler CCCP, which should be able to diminish, if

y2i 02ttt 1LASE pad ¢Ctwv ol & &aStSOGSR (2 2t

concerns over TRXecipitating out of solution at the concentrations used.
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Figure 319: Changes in OCR, cytochrome oxidation statespandheasurements in

M. smegmatis mii55 cells in response to increasing concentrations of CCCPA)sing (
TFPZ only oBj rotenone, 3NP and TFPZ to oxidise the cytochromes to obtain an
oxidised reference point for the Acalculation. Cells were grown 7H9 media with
Tween 80 (0.05% v/v) and glycerol (50 mMand were resuspended in 7H9
supplemented with glycer¢b0 mM) with the sample inA) having an OEo of 1.8

and the sample inB) having an OBy of 1.6. Arrows with concentrations represent

the time of CCCP additions with the concentration corresponding to the total
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concentration of CCCP in the chamber. Sodium dithionite solution was added until
reduction of the b cytochromes was observed while the concentrations of other
compounds added were as follow&;B) 360>M TFPZB) 5>M rotenone, 50-M 3NP.

There is a clear increase@CFon addition of I>M CCCHRlong with oxidation of the

cytochrome groups, indicating it displays uncoupling activity at these concentrations
(figure3190 @ [ A GGt S OKIFy3S A& 20aSNBSR Ay pa I a
which is unexpected even with the errors that may arise from using the modified

mitochondrial fitting and mitochondrial midpoint potentials.

This led tahe questionof whether the cytochromes were fully oxidised on inhibition
of NDH2. NDH1 and SDH are not expected to have a significant contribution towards
to reduction ofMKunder the growth conditions used. No impact on the cytochromes
or OCR was observed with the addition of the NDHhibitor rotenone or the SDH
inhibitors 3NP and malonate in glycegnown cells when these inhibitors were used

in isolation.

To confirm NDH and SDH were not responsible for incomplete reduction of the
cytochromes on inhibition of NDB, a CCCP titration experiment was conducted with
FRRAGAZ2Y 2F NRGSY2YyS YR obt LINA2NI G2 GKS
are observd on addition of >M and 25>M CCCP, however as these changes do not

follow the same stepwise pattern as thecytochrome oxidation states with each

addition of CCCP, they still bring into question the accuracy of the measurements and

thus the quality othe oxidised spectrum and cytochrome fitting. Additionally, similar
SELINAYSy(Ga 6AGK [/ /1t Ay YAG20K2YRNAI &K2g

with increasing CCCP concentration.

Developing a mycobacterial cytochrome fitting model proved challenging, with fits of
the b cytochromes using spectra from isolated protein not matching the response
that would be expected on addition of uncouplers/inhibitors to live cells. Therefore,
the decision was made to analyse data using difference spextvhaserve changes

in cytochrome oxidation oaddition of compounds that target oxidative
phosphorylation rather than fitting the cytochrome peaks (figur2(p. To ensure

changes in cytochrome oxatlon across difference spectra could be easily viewed,
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linear regression analysis was used to subtract baseline shifts from the spectra. This

method does not account for all baseline changes but repeats of experiments

showed it produces consistent results with regards to whether cytochromes reduce
oroxidisegy R A a adzA Gl 60fS F2N KA a
measurements cannot be attained without cytochrome fitting but it does allow for

comparison of the effects of different inhibitors, uncouplers or ionophores on the

mycobacterial ETC.
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Figure 3.20: The change in presentation of data collected using the bioenergetic
chamber after concluding it would not be possible to acquire adequate mycobacterial
reference spectra for cytochrome fitting, witi)(being the old layout showing

changes in OCR cytochrome oxidation based on fitting to mitochondrial reference
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spectra. The shaded regions are the tipggiods over which attenuation spectra were
averaged. Linear regression analysis was used to fit a flat baseline to difference spectra
which was then subtracted from the spectra to produce those showB)id e

example data shown is the same as that in figude©3.

3.3.INVESITGATING THE MECHANISM OF BDQ IN
SMEGMATIS

3.3.1.The proposed mechanisms of BDQ

Having optimised methods for running and analysing data from the bioenergetic
chamber for work with mycobacteria, they were applied to resolving riieele of
actionof BDQ The proposed ideas of BDQ acting as an ATP synthase inhibitor versus
an uncoupler/ionophore should have opposite effects on the cytochromes contained

in the supercomplex (figure 312

In the case that BDQ is acting as an ATP synthase inhibitor, this should result in an
increase inp Aand the resulting backpressure should reduce the activity of the
supercomplex, leading to reduction of the cytochromes. Results obtained with BDQ
should also be similar to those acquired with DCCD. If BDQ is instead acting as an
uncoupler or ionophore the there should be some dissipation of the PMF, along with

an increase in the activity of the supercomplex and oxidation of the cytochromes.
These effects @& expected to be larger in the case BDQ is acting as an uncoupler, and
will therefore dissipate botimpH andn A than if it is acting as an ionophore in which
case there will only be dissipation ppH. These two modes of action can also be
distinguished between via comparisons with CCCP and nigerloase experiments

were first conducted inM. smegmatis both due to its shorter culture time and
becausethe lab was already in possessionMf smegmatismutants that could be

dza SR (2 TFdzZNIKSNJ LINRPO6S .5vQa YSOKIYaAxyYo
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Figure 321: The proposethechanisms of BDQ and the resulting consequences for the
oxidative phosphorylation systemA)(BDQ acts as an ATP synthase inhibitor by
preventing rotation of the €ing and therefore blocking the proton channdé) BDQ

acts an uncoupler, disrupting the action of ATP synthase and allowing protons to move
freely without any ATP generatior©) BDQ acts as an ionophore, allowing protons to
move freely into the cytoplasm through ATP synthase without any ATP generation

while potassiumions are transported irhie opposite direction.
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3.3.2.Action of BDQ iiM. smegmatis

¢tKS FTANBRG aGSLI Ay GKS LINRPOS&da 2F RSUGSN¥YAYA
G2 Sadl of A&aKM. srhegnaisVSversuS dortrol Kigure 22 A BDQ

concentration of 30 nMyoughly 2.4x the MIC (12.6 nM) (Andres et al., 2005), was

selected as no further changes in cytochrome oxidation state or increase in OCR are
observed at higher concentrations. Ethanol was chosen as the solvent for BDQ due to

concerns the presence of DM$@y impact the ETC, and was therefore selected as

the control.
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Figure 3.2: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
smegmatis WT versus etharmbly controls. &) OCR trace showing changes on
addition of 10>L ethanol. B) Difference spectra were acquired by subtracting spectra
averaged over the two shaded regions &).((© OCR trace showing changes on
addition of 30 nM BDQ.Dj Difference spectrum acquired by subtracting spectra
averaged over the two shaded regions @). (E) Mean percentage change in OCR 3
mins after the addition aéthanol or 30 nM BDQ, with the grey diamonds representing
individual datapoints and the error bars showing standard el@ails were growm

7H9 supplemented with Tween 80 (0.05 % v/v) and glycerol (50 ard)were
resuspended in 7H9 supplemented with 50 mM glycerol. Th@@R@ach sample was
(AB) 1.6 or GD) 1.4.
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On addition of BDQ ttM. smegmatisWT there is an immediate increase in oxygen
consumption along with reduction of the(peak at 563.5 nm) and(peak at 552 nm)
cytochromes. Reduction of these cytochromes matches the predictions of BDQ acting
as an ATP synthase inhibitor, however the OCR increase does not match findings with
ATP synthase inhibitors in mitochondrial systems, where a decrease R i©C
observed. In the ethanol control run there is little change in cytochrome oxidation
state, however there is a gradual increase in OCR.i3hikely due to cell growth

occurring while the sample is in the chamber.

Each experiment was repeated two more times and the direction of the change in
cytochrome oxidation was found to be consistent across all repeats with only small
differences in peak magnitude. There was some variation in starting OCRs between
samples so tacompare changes in OCR, the percentage change was determined.
Although the rate of change in OCR seen with BDQ is much more rapid versus that
with ethanol, comparison of the mean percentage change after 3 mins shows the
increase with BDQ is only slighl&rger, with some datapoints overlappingome of

the previously reported increases in OCR on addition of BDQ were recordé&d in
tuberculosis(Lamprecht et al., 20160 it is possible the modest increase Mh

smegmatiss due to a difference ithe composition of ETC between the two species.

¢ KS ySEG adiSLImadg of actohishad goafirm. wheth@rdthe changes

observed in the WT are dependent on the binding of BDQ to ATP synthase. As
mutations in the ering are associated with BDQ resistance, if any of the same changes

at nanomolar concentrations are observedNh smegmatisAtpEP3?Vas in the WT,

GKSY A0 adAaA3sSada GKSe FITNB y20 NBfIFIGSR (2
AtpEP32V strain has the expected mutation and properties, experiments adding

increasing concentrations of BDQ to WT and Atptstrains were performed (figure

3.23). As the point mutation inthe AtPE2Va G NI Ay &dK2dz R NBRdzOS . 5v ¢
to the cring but not prevent binding entirely, it is expected any changes related to

. 5vQa FoAfAGe G2 oOoAYR G2 !¢t aeyiarkd aS akKz2c

dose dependent manner.
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Figure 3.3: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
smegmatis AB) WT and D,B) AtpEP32Y. (O Mean percentage change in OCR 3 mins
after the addition of each concentration of BDQ relative to the OCR before any BDQ
addition, with the grey diamonds representing individual datapoints and the error bars
showing standard error. Difference spectra B)E[ were acquired by subtracting
spectra averaged over the labelled shaded regionsAiD)(respectively Arrows
represent the tire of additions, with concentrations corresponding to the total
concentration oBDQin the chamber following each additio@ells wergrownin 7H9
media with TweeB0 (0.05% v/v) and glycerol (50 mMind were resuspended in 7H9
supplemented with glycer¢b0 mM)and Darabinose(5 mM) The Okyovalues of all

samples were between t27.

There is notable variation in the changes in OCR between repeats with the WT strain,

however all three sets of data show a similar trend where a small initial increase in
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OCR is observed followed by a decrease upon further additions of BDQ. As BDQ has a
delayed bactericidal effect, this decrease is not likely to be due to cell death caused
by BDQ. If BDQ is acting as an ATP synthase inhibitor, then it is possible theismchan

M. smegmatiscells use to alleviate backpressure and increase their OCR is not
sufficient to cope with any further inhibition of ATP synthase on the addition of more
BDQ. The same level of reduction of the cytochromes is observed at all three

concentraions and this is consistent across all experiments.

In the AtpEP3?V strain a small increase in OCR occurs on addition of 30 nM BDQ,
however this is not dissimilar to the increase seen with ethanol controls and no clear
peaks are visible in the difference spectrum. As the concentration of BDQ is increased,
a further increase in & is observed along the emergence di eytochrome peak

and a smalt cytochrome peak, showing the cytochromes are reducing. These results
demonstrate that the AtpE2Vstrain is resistant to BDQ, but some BDQ binding does
occur at higher concentrations. The reduction of the cytochromes observed in the WT
is dependent on BDQ binding to ATP synthase. Conclusions about changes in OCR are
harder to draw due to the small chgas in the WT however the clear increase
between 30 nM and 300 nM in the AtpVstrainsuggest this increase is also due to
BDQ binding to the ATP syntieasnzyme.

3.3.3.Comparisons with CCGfgericin and DCCD

To investigate the disparity between the predicted effects of an ATP inhibitor versus
an uncoupler and those observed with BRI data collected vere compared with
those obtained using compounds with clearly understood mechanisms (figudg 3.2
Addition of 15 uM of the protonophore CCCP b smegmatisNTresults in a sharp
increase in OCR, with the average increase at 5 UM being efeéat Righer than that
observed with BDQ. This is accompanied by oxidation of theytochromes,

demonstrating CCCP doest have the same impact on the ETC as BDQ.

Results obtained with nigericin also do not match those obtained with BDQ and
further showcase that dissipation of the PMF results in oxidation oflthend c

cytochromes rather than the reduction observed with BDQ. Additionally, the recovery
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of OCR and cytochrome oxidation states back towards those observed under steady

state conditions is unlike any effects observed with BDQ.
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Figure 3.2: Changes in OCR and cytochrome oxidation state on the additié¢Bpf (
CCCPOD) DCCD oEF) nigericin to Msmegmatis WT Q) Mean percentage change

in OCR 3 mins after the addition of each compound relative to the OCR before any
additions, with the grey diamonds representing individual datapoints and the error
bars showing standard error. The BDQ data shown is the sameigarm 3.25 and

panels CD) show data from the same experiment as in figure 3.16. Difference spectra
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in B,D,F were acquired by subtracting spectra averaged over the labelled shaded
regions in A,CE respectively.Arrows represent the time of additions, with
concentrations corresponding to the total concentration of the relevant compound in
the chamber following each additio@ells wergrownin 7H9 media with Twee80
(0.05% v/v) and glycerol (50 mMdnd were resuspended in 7H3pplemented with

glycerol(50 mM) The Okyovalues of all samples were between-1.6.

Relative to the ethanol control, there is no significant change in OCR on addition of
DCCD to. smegmatisNT but there is reduction of thé and c cytochromes. These

effects are similar to those of BDQ and indicate BDQ is acting as a direct inhibitor of
ATP synthase like DCCD. The lack of increase in OCR and smaller changes in
cytochrome oxidation state can be explained by DCCD being a less spadiitor

than BDQ. The lack of a drop in OCR on DCCD addition suggests mycobacteria do not
respond to ATP ymthase inhibition in the same manner as mitochondria. To
O2y Of dzaA @St e LINPBOPS .5vQa Y2RS 2F LOGAZ2YX

3.3.4.BDQ and cytochromied oxidase

Of the two terminal oxidases in the mycobacterial ETC bttwaas supercomplex is
proton-pumping while cytochroméd oxidase is not, meaning it contributes less to

the PMF. It was theorised that the OCR increase seen with BDQ may be due to cells
increasing the activity of cytochroniel oxidase as a means of limiting butg of the

PMF on inhibition of ATP synthase, allowing cells to maintain vital redox ratios.

To test this, the experiments performed wikh. smegmatisSVT were repeated using

the cytochromebd oxidase knockout straim¢ydAB (figure 3.3). Treating this strain

with BDQ results in similar cytochrome changes as those observed in WT cells,
accompanied by a sharp drop in OCR that was consistent across all replicates. This
supports the theory that cytochromied oxidase is responsible for the increase in OCR

on addition of BDQ to WT cells and that by rerouting electrons to cytochrdoane
oxidase, these cells are able to alleviate backpresqurgdABcells are not able to
perform this redirection of electron flow and the resulting backpressusaiits in a
decrease in activity of the supercomplex and thus a drop in OCR. This observation also

explains why only a moderate OCR increase is observed in experiment$with
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smegmatis,as under the growth conditions used, there should be little cytochrome

bd oxidase present.
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Figure 3.5: (A,B) Changes in OCR and cytochrome oxidation state on the addition of
30 nM BDQ to M. smegmatis WT gmclydAB. Q) Mean percentage change in OCR 3
mins after the addition of BDQ relative to the OCR before addition, with the grey
diamonds representing individual datapoints and the error bars showing standard
error. The WT data shown is the same as in figur2 &2 is included for comparison
purposes. Difference spectra B) (vere acquired by subtracting spectrneéeraged over
the labelled shaded regions iA)( Arrows represent the time of BDQ additi@@ells
were grownin 7H9 media with TweeB0 (0.05% v/v) and glycerol (50 mMnd were
resuspended in 7H9 supplemented with glycé&s0lmM) The Okyoof the WT sample
was 1.6 and the Odghof the ncydAB sample was 1.3.

Experiments looking at the impact of cytochromé2 EA R 4S8 2y . 5v Q&
previously been performed iNl. tuberculosishowever rather than lacking theydAB
genes, the cytochromkd oxidase mutant generated was missing the ends otciaB
andcydCgenes and all of theydDgene ¢ydKQ (Arora et al., 2014rydDCencodes

an ABC transporter, which B. colihas been theorised to have a role in cytochrome
biogenesis but this has not yet been shown in mycobacteria (Aung, Berney and Cook,

2014; Sheperd, 2015). Treatment of this mutant with BDQ had the same effects as in

117



M. tuberculosidH37Ryv, i.e. an increase in OCR was observed (Lampgteadht2016).
The disparity between this and the results with smegmatigicydABis likely due to
the incomplete deletion in theydKOmutant meaning there is still some cytochrome

bd oxidase present.

To confirm these results are not due to an unusual response to uncoupling or
dissipation ofnpH in thencydABstrain, experiments with CCCP and nigericin were
repeated with this strain figure 36 The changes in OCR and cytochrome oxidation
seen on the addition of increasing concentrations of CCCP closely match those
observed in the WT. In the case of nigericin, the initial oxidation ofhttaand c
cytochromes followed by a period of recovery to steady state conditions also matches
observations made in thé&/T. The recovery of OCRnicydABcells is faster than that

in WT cells (approximately 6 minsyinydABversus 15 mins in WT). This may be due

to cells altering the levels of ion transporters in their cell membranes in response to
the absence of cytochromed oxidase, allowing them to offset the effects of nigericin

more rapidly than WT cells.
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Figure3.26: Changes in OCR and cytochrome oxidation state on the additigBpf (
CCCP orCD) nigericin to M. smegmatigcydAB. Difference spectra iB,D) were
acquired by subtracting spectra averaged over the labelled shaded regioAgin (

respectively. Arrows represent the time of additions, with concentrations

11¢



corresponding to the total concentration of the relevant compound in the chamber
following each additionCells werggrown in 7H9 media with Twee80 (0.05% v/v)

and glycerol (50 mM)and were resuspended in 7H9 supplemented with 50 mM
glycerol. The Odg of each sample wa#\(B) 1.5 or CD) 1.6.

Neither of these sets of results matches those observed with BDQ, discounting the
possibility that thencydABsimply behaves differently to the WT in response to the
addition of an uncoupler oproton/potassiumionophore. This lends more evidence

to BDQ acting as a direct inhibitor of ATP synthase, with cytochiminexidase

effectively acting as a relief valve to reduce the impacts of backpressure on the cell.
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Figure 327: Changes in OCR and cytochrome oxidation state on the additigBpf (
BDQ orCD) CCCP to M. smegmatigcrCAB. Difference spectraB)f) were acquired

by subtracting spectra averaged over the labelled shaded regioAgéspectively.
Arrows represent the time of additions, with concentrations corresponding to the total
concentration of the relevant compound in the chamber following each addiilts
weregrownin 7H9 media with Twee80 (0.05% v/v) and glycerol (50 mMind were
resuspended in 7H9 supplemented with glyc€6lmM) The Okyo of each sample
was @A,B) 1.7 or CD) 1.6.
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To further demonstrate this, an experiment was conducted where BDQ was added to
M. smegmatigunqcrCAR:ells which lack a functioning supercomplex. The expectation
was that no increase in OCR should be observed with BDQ as all electrons should
already be running through cytochronbel oxidase and so no rerouting to the enzyme

could occur and this is indeed what was observed (figu2@)3.

For comparisomqgcrCABcells were also treated with CCCP. Unlike in WT cells, no
increase in OCR occurs on addition eM CCCP. This is because the OCR increase in
the WT strain is due to an increase in activity of the supercomplex as the cell attempts
to counteract the effects of the uncoupler on the PMF, which cannot ocquaérCAB

cells. The drop in OCR occurring at a lower concentration is similarly due to cells being
unable to compensate for the impact of CCCP due to the lowered pjqmiomping
capaity of the ETC, leading thsruption of PMHinked processes.

The cytochrome spectra in both setsyafcrCABxperiments do not resemble those
recorded with the WT, as cytochromes in the supercomplex are the main contributors
to these spectra, while cytochromed oxidase cytochromes will be the main
contributors in pngcrCABexperiments. Interestingly, BDQ and CCCP seem to have
opposite effects on these cytochromes than those seen with cytochromes belonging
to the supercomplex. When BDQ is addechterCARells, a small dip at 558 nm is
seen in the difference spectra&ftecting oxidation of thds cytochromes contained in
cytochromebd oxidase. On addition of CCCP to cells, an increase in attenuation is
observed at this wavelength, showing ttecytochromes are reducing. To better
understand this phenomenafiurther study and reference spectra of cytochrorne
2EARF&S INB NBIdZANBR® C2NJ 6KS alF 1S 2F aidR
the conclusion of cytochroméd oxidase activity being responsible for the OCR
increase observed with BDQ in the WT and that BDQ and CCCP have distinctly different

mechanisms.
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3.4.BDQ ANDA. TUBERCULOSIS

3.4.1.Action of BDQ iM. tuberculosis

Ly 2NRSNJ G2 aidzRe BSk25compatibleYS Qibetcylosigian A Y
appropriate concentration of BDQ to use in these experiments had to be found. Using
the same concentration as féd. smegmatig30 nM), results in no notable change in
OCR or cytochrome oxidation state (figur28. This is likely because the MIC of BDQ

is higher inM. tuberculosisversusM. smegmatis(54 nM compared to 12.6 nM)
(Andries et al., 2005). There is a slight increase in OCR when the total concentration
of BDQ in the chamber is brought up to 60 nM and peaks frorb #relc cytochromes
appear in the difference spectrum. These effects increase in magnitude with further

additions of BDQ.
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Figure 328 Changes in OCR and cytochrome oxidation state on the addition of BDQ
to M. tuberculosis n6206. Difference spectra iB)(were acquired by subtracting
spectra averaged over the labellskdaded regions ilA). Arrows represent the time of
additions, with concentrations corresponding to the total concentration of the BDQ in
the chamber following each additio&ells were grown in 7H9 supplemented with
Tween 80 (0.05% v/v), glycerol (55 mM), Middlebrook OADC (10%aritgthenate

(48 pg/mL) and leucine (0.5 mg/inand were washed and resuspended in growth
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media excluding Tween 80 and OAD®e Olgyo of the sample in the chamber was

4.8.

120 nM was selected as the best concentration for future experiments as at this
concentration thereare clear changein the OCR and cytochrome oxidation states.
Greater effects are observed with M BDQ but as BDQ has been theorised to have
different effects on cefiat nanomolar versus micromolar concentrations (Guo et al.,
2021), it was desirable to perform initial experiments using nanomolar concentrations
of BDQ that are closer to the MIC before examining the impacts of micromolar
concentrations oBDQ. Additionally, by selecting a concentration close to the MIC,
BDQ is less likely to display-tdfget effects which may confuse the interpretation of

results.

After this initial experiment, the switch to usilg. tuberculosisnc?6230was made

so the results could be compared to those obtained with the available cytochboime
oxidase knockout straimM. tuberculosigicydM. Versusethanol controls, addition of

120 nM BDQ to n¥6230 cells results in a gradual increase in OCR and reduction of the
b and c cytochromes (figure 29). This is similar to the effects observed Nh
smegmatisWT, with the prolonged response time possibly being a result of there

being a lower electron flux through the ETC in the slegrewingM. tuberculosis.

The increase in OCR is ultimately largaviituberculosiswhich is likely due to there

being a larger proportion of cytochromad oxidase in the ETC than there isNh

smegmatisWT underthe growth conditionsused Unlike inM. smegmatisa small

decrease in OCR is observed with? 8230 ethanol controls rather than an increase.

This can be explained Y. tuberculosi©O St f aQ f 2y ISNJ R2dzof Ay 3 A
little to no cell growth over the course of the experiment, with the decrease possibly

being related to the lack of OADC in the resuspension media.
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Figure 329: Changes in OCR and cytochrome oxidation state on addition of BDQ to M.
tuberculosis m6230 versus ethanainly controls. Difference spectra B, were
acquired bysubtracting spectra averaged over the labelled shaded regions,@ (
respectively.B) Mean percentage change in OCR 10 mins after the addition of ethanol
or 120 nM BDQ, with the grey diamonds representing individual datapoints and the
error bars showing standard erro€ells were igrown in 7H9 supplemented with
Tween 80 (0.05% v/v), glycerol (55 mM), Middlebrook OADC (10%amndv)
pantothenate (48 pg/mLand were resuspended #H9 supplemented withglycerol

(55 mM)and pantothenate (48 pg/mL)The Olgyoof samples inA,B,CD) was 5.6.

Having shown BDQ displays similar effects in both species, the next stage of
RSY2YAGNI GAYy 3 . 9 tOhercudsss®  lcompaieYits dffgcts with
those of CCCP, nigericin and DCCD (fig@@.3Viuch like irM. smegmatisNT, CCCP
and nigericin have different effects to BDQ, however there are some differences

between the effects of each compound on the two species.

Early experiments with CCCP in tme?6206 strain showed little change on the
addition of 1>M to M. tuberculosisells, so only the two higher concentrations used
in experiments withVl. smegmatisvere added to samples of #6320. The impact of

CCCP on OCRNh tuberculosisnc®6320 is very similar to the results obtained with
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M. smegmatisVT; a sharp increase is observed witl\b which then drops when the

concentration of CCCP is raised to>Rb.
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Figure 3.8: Changes in OCR and cytochramglation state on the addition oA(B)
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bars showing standard error. The ethanol and BDQ data shownsamhe as in figure

3.32 and is repeated here for comparison. Difference spectBF were acquired
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by subtracting spectra averaged over the labelled shaded regionsA,@QE)(
respectively. Arrows represent the time of additions, with concentrations
corresponding to the total concentration of the relevant compound in the chamber
following each additionCells were irgrown in 7H9 supplemented with Tween 80
(0.05% v/v), glycerol (55 mM), Middlebrook OADC (10%awdpantothenate (48
png/mL) and were resuspended inH9 supplemented withglycerol (55 mM)and

pantothenate (48 pg/mLJhe Olgyovalues of all samples were between4.9.

There is a notable difference in how CCCP affects cytochrome oxidation state in the
two species. InM. smegmatisWT the b and c cytochromes oxidise at both
concentrations, while irM. tuberculosis the b cytochromes appear to reduce on
addition of 5>M CCCP while thecytochromes oxidise as the CCCP concentration is
increased. The reason for this difference is likely due to the ETC in each species having
slightly different compositions. The changes in theytochromes irM. tuberculosis

are more similar to those observed . smegmatigigcrCABwhich may be due to
higher amounts of cytochromied oxidase being present iMl. tuberculosisnc?6320

compared toM. smegmatisNT.

Addition of 1>M nigericin toM. tuberculosianc?6320 leads to a rapid drop in OCR
which is followed by a gradual increase before the OCR plateaus at arot8%080f

the original OCR. This incomplete recovery suggdststuberculosisis more
susceptible to the effects of nigericin. Combined with the observationdvin
smegmatis WBand ncydAB there appears to be an inverse correlation between the
amount of cytochromdod oxidase in the ETC and how quickly/well cells are able offset
the effects of nigericinThe precise mechanisms behind this, i.e. whether the better
recovery is due to the increased activity of the supercomplex when there is little to no
cytochrome bd oxidase or whether certain ion transporters are
upregulated/downregulated depending on how much cytochroim@ oxidase is

present, is unclear and requires further study.

There is a large difference in the changes in cytochrome oxidation state on the
addition of nigericin betweenM. smegmatisand M. tuberculosis with the c

cytochromes inM. tuberculosismc?6320 reducing compared to the oxidation
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observed inM. smegmatis Similar to the differences in cytochrome oxidation
between the two species seen with CCCP, this is likely due to different proportions of
enzymes being present in the membranes of the two species. Despite these
differences, it is clear neither compoundas the same effects as BDQ

tuberculosis

70 >M DCCD was found to be the highest concentration that can be addédl to
tuberculosidbefore a sharp drop in OCR is observed, showintpogfet effects occur

at higher concentrations. When 7M DCCD is added td. tuberculosisnc?6320,

there is a gradual reduction of tHeand c cytochromes, similar to the effects seen

with BDQ. The two compounds appear to have different effects on the OCR however,
with there being a decrease in OCR after addition of DCCD, followed by an increase
that peaks around 2@3 mins after addition before the OCR starts to decrease again.
The increase in OCR around 20 mins is not seen in ethanol controls and is consistently
observed in experiments with DCCD, showing it is a delayed effect of adding DCCD.
Thereasons behindths @ 6S NBf I 4GSR G2 5//5Qa f1I O
inhibitor combined with lower electron flux through the ETCNMn tuberculosis

compared toM. smegmatis

Although the impact of DCCD &h tuberculosigs not identical to that of BDQ, the

two still demonstrate more similar effects on the oxidative phosphorylation system
compared to CCCP and nigericin, giving further evidence that BDQ acts as a direct
inhibitor of ATP synthase iM. smegmatisand M. tuberculosis These results also
highlight the difficulty of not having an established ATP synthase inhibitor in
mycobacteria with a higher specificity than DCCD with which to compare BDQ to.

3.4.2.Effects of BDQ iN. tuberculosisicydAB

If the OCR increase observed with BD@lirtuberculosiss due to increased activity
of cytochromebd oxidase, then addition of BDQ td. tuberculosigicydABshould
have similar effects to those observed with smegmatigicydAB When 120 nM BDQ
is added toM. tuberculosisncydAB there is the same reduction of thie and c
cytochromes as is seen with the #6820 strain, however there is not a sharp drop in

OCR (figure 313. Overall, a gradual increase in OCR is observed, although in one

12¢
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repeat this was preceded by an initial decrease over the first 10 mins following the
addition of BDQ. Despite the variation between repeats, the increase in OCR in M.
tuberculosigicydABs consistently lower than that observed in #6820 cells over the

30-min course of the experiment.
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Figure 3.3: (A,B) Changes in OCR and cytochrome oxidation state on the addition of
120 nM BDQ to M. tuberculosis #6230 andhcydAB. Q) Mean percentage change in
OCR 10 mins after the addition of BDQ relative to the OCR before addition, with the
grey diamonds representing individual datapoints and the error bars showing standard
error. The m#6230 data shown is the same as in fig@&2 and is included for
comparison purposes. Difference spectraBnwere acquired by subtracting spectra
averaged over the labelled shaded regionsAn Arrows represent the time of BDQ
addition.Cells were igrown in7H9 supplemented with Tween 80 (0.05%), glycerol
(55 mM), Middlebrook OADC (10% vand pantothenate (48 pg/mLand were
resuspended ivH9 supplemented withglycerol (55 mM)and pantothenate (48
ug/mL) The Olwoof themc?6230sample was 5.6 and the @gof thepcydAB sample

was4.9.

These results demonstrate cytochrorbd oxidase is partially responsible for the OCR

increase observed with BDQ in #6820 cells, however the lack of a significant



decrease demonstrates the differences in response to BDQ beteesmegmatis

and M. tuberculosis There are a couple of possible explanations for this, with one
being that the lower electron fluxhtough the M. tuberculosisETC makes it less
susceptible to immediate backpressure on inhibition of ATP synthase. Alternatively,
M. tuberculosisnay have other mechanisms to limit a build of the PMF that are

not present inM. smegmatis with one possibility being increased or different ion

transporters.

Another possibility is that there is more NEHpresent inM. tuberculosiscells
compared toM. smegmatis a theory that is supported by the finding that slow
growingM. bovisBCG has a lower ratio of NE2Ho NDH1 activity compared tov.
smegmatis(Vilcheze et al., 2005)f this is the case, thekl. tuberculosiss able to
further limit the impact of backpressure on the oxidative phosphorylation system by
routing electrons through NDH instead of NDH, while inM. smegmatisthe flux
through NDHL is ateady so low, routing electrons away from the complex has little
effect compared with the activation of cytochrontel oxidase. This theory could be
tested by treatingM. tuberculosigicydABcells with an NDH. inhibitor prior to the
addition of BDQ, however this would require the NDkhhibitor to have no offarget
effects inM. tuberculosisA double knockout strain dfl. tuberculosidacking the
genes for NDH and cytochromebd oxidase could also be used to study this idea

providing such a strain prodeviable.

To further distinguish the activity of BDQ from CCCP and nigericin, experiments using
these compounds were performed withl. tuberculosigncydAB along with DCCD
(figure 3.2). Overall CCCP has similar effects in bott6820 andhcydAB with there

being some difference in the magnitude of the OCR changes, however as there is some
variation within the results obtained with each strain, this is not indicative of a
noteworthy difference between how the strains respond to uncoupling. As the
difference spectraare similar in both strains, the presence of more cytochrdmde
oxidase does not appear to be the cause of the differences between changes in

spectra on CCCP addition betwddnsmegmatisand M. tuberculosis

12¢



Similar to the observations made h. smegmatis deletion of thecydABgenes inM.
tuberculosisappears to aid the recovery of the bacteria towards steady state
conditions following the addition of nigericin. The OCR returns to that before the
introduction of nigericin after a period of around 25 mins, however little change is
observed in the cytoalome spectra. The sharp peak at 552 nm shows the reduction
of the c cytochromes,although without the ability to fit spectra, it is difficult to
determine whether this reduction is of a similar magnitude to that observed in
mc?6320.

When DCCD is added to the tuberculosigicydAB changes in cytochrome oxidation

are similar to those in n36230. The change in OCR follows a similar pattern, with an
initial decrease followed by a gradual increase and subsequent decrease, however in
ncydABthe peak in OCR occurs later (around 33 mins after addition versus around 23
mins in mé6230) and is larger, with these differences being consistent across repeats.
That an OCR increase is observed is not surprising given the increase seen with BDQ
and5/ / 5Q& LI22NBNJ aSt SOGAGAGE F2NI ! ¢t adyidkKl 3
the increase seen in 8230 may be due to the activation of cytochroimtoxidase,

The other mechanisms responsible for reducing the impact of backpressure on the
system may have a slower activation period while the larger increase in OCR might be
due to the components required for these mechanisms, be they ion transports or

NDH-2, being upregulated in the absence of cytochrobuoxidase.
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Figure 3.2: Changes in OCR and cytochramilation state on the addition oA(B)

CCCPAD) DCCD oiF nigericin to M. tuberculosiscydAB. G) Mean percentage

change in OCR 10 mins after the addition of each compound relative to the OCR before

any additions, with the grey diamonds representing individual datapoint and the error

bars showing standard error. Difference spectra BiDF were acquired by

subtracting spectra averaged over the labelled shaded regiods@E) respectively.

Arrows represent the time of additions, with concatittns corresponding to the total

concentration of the relevant compound in the chamber following each addiilis
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were ingrown in7H9 supplemented with Tween 80 (0.05% v/v), glycerol (55 mM),
Middlebrook OADC (10% vandpantothenate (48 pg/mLand were resuspended in
7H9 supplemented wittglycerol (55 mMand pantothenate (48 pg/mL)The Olgyo

values of all samples were between-%.8.

Overall, these results demonstrate that while there are differences between the
responses ofM. smegmatisand M. tuberculosisto compounds that affect the
oxidative phosphorylation system, BDQ appears to act via the same mechanism in
both, i.e. direct inhibition of ATP synthase. The reasons for the OCR incrddse in
tuberculosigicydABseen with both BDQ and DCCD should be explored further to see
AT GKS YSOKFIyAavYa o0SKAYR GKA&A AYyONBI &S

effect.

35.9-t [ hwLbD 219¢1 9w . 5vQf
CONCENTRATION DEPENDENT

| F gAYy 3 Saidl of AaKSRanomslar €bacenyf=biadd Kithe yguestivh of (
whether BDQ has a different dominant mode of action at micromolar concentrations
as has been proposed in the literature (Guo et al., 2021; Courbon et al., @285

to be studied. To test this, the experiments with BDQ were repeated, this time using
a concentration of 1&M, inM. smegmatiaNT andhcydABalong withM. tuberculosis
mc?6320 andhcydAB(figure 3.38). The cytochroméd oxidase knockout strains were
included as if BDQ does show protonophore activitynicromolar concentrations,
then it should have similar effects to CCCP, i.e. an {@GRaseshould occur
regardless of the presence of cytochrofmoxidase, in addition to different changes

in cytochrome spectra being observed. In the event BDQ acts a proton/potassium
ionophore at higher concentrations, then similar effects to nigericin should be

observed across all strains.

There is very little difference between the effects seen with the two concentrations in
both M. smegmatisstrains. This indicates BDQ is acting predominantly as a direct ATP

synthase inhibitor at both nanomolar and micromolar concentrations.
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Figure 3.3: Changes in OCR and cytochrome oxidation state on the addition of
nanomolar and micromolar amounts of BDQ #&B) M. smegmatis WT,(D) M.
tuberculosigicydAB, EF M. smegmatigicydAB andH,|) M. tuberculosis n¥6320.

(G) Mean percentage change in OCR 3 mins afteadhition of BDQ to M. smegmatis

and 10 mins after the addition of BDQ to M. tuberculosis relative to the OCR before
addition, with the grey diamonds representing individual datapoints datapoint and the
error bars showing standard error. The nanomolar catregion data shown is the

same as in chapters 3.3 and 3.4 and is included for comparison purposes. Difference

spectra in B, D, F, H) were acquired by subtracting spectra averaged over the labelled
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shaded regions i C E 1) respectivelyArrows represent the time of BDQ addition.
M. smegmatis cells were grovun 7H9 supplemented with Tween 80 (0.05% aiw)
glycerol (® mM) and were resuspended #H9supplemented wittglycerol (® mM).

M. tuberculosis celtwere ingrown in7H9supplemented with Tween 80 (0.05% v/v),
glycerol (55 mM), Middlebrook OADC (10% waw) pantothenate (48 pg/mLand
were resuspended intH9supplemented witlglycerol (55 mMand pantothenate (48
pHg/mL)The Olgyo of M. smegmatis samples was between-0.9 and the OEoof M.

tuberculosis samples was between-Z.9.

In M. tuberculosismc Hon~ .5vQa STFFSOGa 2y ORtta 200
compared to the 120 nM dose, with the sharper increase in OCR being more similar

to the increase seen with CCCP. However, the clear reduction of both @mel c

cytochromes showthis sharper increase is not due to BDQ uncoupling the oxidative
phosphorylation system. Instead, these faster changes at a higher concentration may

be due to more BDQ being able to initially diffuse through the cell wall and bind to

ATP synthase.

When 10>M BDQ is added thl. tuberculosigicydAB much like in mi6230, a more

rapid reduction of théo andc cytochromes is observed. This is accompanied by a drop

in OCR which is not seen at 120 nM, although the percentage decrease is still less than
that in M. smegmatis These results, combined with those in %6230, suggest
cytochromebd oxidase contributes significantly to the OCR increase observid in
tuberculosiscells containing the enzyme on exposure to BDQ. At nanomolar
concentrations, the lowr respiratory rate ofM. tuberculosiscompared to M.
smegmatiscombined with less BDQ being available to immediately bind to ATP
synthase means cells are not as affected by backpressure. When the concentration of
BDQ is increased, complete inhibition of ATP synthase can occur immediately, and

thus the activity of cydchromebd oxidase is increased rapidly in response.

lff 2F GKSAS NBadzZ 0a &ISoratorisididctinSibitiorsol Q& R2 Y|
ATP synthase, independent of concentration. As there is no evidence of the

cytochromes oxidising when micromolar concentrations of BDQ are added to cells, if
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BDQ is able to act as a protonophore or ionophore, this activity is not the major

contributor to its bacteriostatic or bactericidal effects.

3.6.BDQ AND CFZ

BDQ acting as an ATP synthase inhibitor rather than an uncoupler maslzer of

implications for the cell. One of these is that the cytoplasm of the cell should become

I Y2NB NBRdzOAY3 SYy@ANBYYSYyi(id ¢2 TFodblli KSNJI & dz

of action a way to measure this effect was sought.

One potential option is using the bioenergetic chamber to monitor changes in the
l6az2NblyO0S 2F G(GKS NBR2ZE OedfAy3d [/ Cwno
monoprotonated form means its impact on cytochromes cannot easily be studied

using the bioenergét chamber, however it is possible to measure the absorbance of

/| C%Q

CFZ itself. CFZ loses its absorbance when reduced (Yan et al., 2011) and so it was

theorised that when the environment of the cell becomes more reducing, i.e. on the
addition of BDQ, a drop ie absorbance of CFZ would be observed. A further reason
for using CFZ is that it has been shown to be synergistic with BDQ alainst
tuberculosis(Cokol et al., 2017). If BDQ increases the le¥eCFZ reduction, and
therefore theproductionreactive oxygen specigthis provides a possible explanation

for this observation and highlights redox cycling compounds as good candidates for

future drug combinations with BDQ.

To test this hypothesis, experiments were run comparing the change in absorbance of

CFZ over time with and without the addition of 30 nM BDR.ismegmatisNV'T (figure
3.34). A concentration of 750 nM CFZ was chosen to ensure the contribution of peaks

due to changes in cytochrome oxidation state would be comparatively small.

Comparing the two sets of results, a smaller CFZ peak is observed in the presence of

30 nM BDQ and this appears to decrease further over time, indicating more reduction

of CFZ. This observation supports the use of CFZ as a possible method for examining

BDQ@a STFFSOUGa 2y NBRAzOGAGS aidaNBaa Ay OSffas

baseline shift occurringgiven the changes in attenuation at the higher wavelength
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end of the spectra where CFZ should not absorb. This may be a result of CFZ

precipitating out of solution and affecting the scatter of light in the chamber.
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Figure 3.3: Changes imattenuation over time when CFZ is added to M. smegmatis
WT cellsA) in the absence of BDQ ar8) (n the presence of 30 nM BDQ. Difference
spectra were acquired by averaging spectra over a period of 1 min at the relevant time
points and subtracting a spectrum recorded before CFZ (and BDQ) were idded.
smegmatis cells were growin 7H9 supplemented with Tween 80 (0.05% gl
glycerol (® mM) and were resuspended #H9supplemented wittglycerol (® mM).

The Olgyo of each sample wag\J 1.6 or B) 1.2.

Another study was performed, this time using a lower concentration of CFZ to prevent
possible precipitation from impacting the difference spectra (figuresB.2s the
change observed in CFZ absorbance with BDQ appears to be immediate, the
procedure was also modified to compare the absorbance of CFZ with and without BDQ
to the reduced conditions induced by the additionpaitassium cyanidand sodium

dithionite.

Unfortunately, between these sets of experiments, the bioenergetic chamber
developed a fault with its wideange CCD, meaning data could only be collected using
the narrowrange CCD. The grating of the narrmamge CCD can be altered to record

over a widemwavelength but only noise is recorded at any wavelength below 502 nm,
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thus the chamber was no longer able to record the absorbance of CFZ at its peak

wavelength.

w
—

Compounds in order of addition:
70nM CFZ
— 30nM BDQ
100 puM potassium cyanide
— sodium dithionite

AAttenuation (mOD)
=

502 582 662 742
Wavelength (nm)

Figure 3.3: Changes imattenuation on addition of CFZ to M. smegmatis WT cells,
followed by additions of BDQ, potassium cyanide and sodium dithionite. Difference
spectra were acquired by averaging spectra over a period of 1 min at the relevant time
points and subtracting a spgam recorded before CFZ was addéddsmegmatis cells
were grownin 7H9 supplemented with Tween 80 (0.05% vl glycerol (® mM)

and were resuspended HH9supplemented witlglycerol (% mM). The Olgy of the

sample was 1.6.

Experiments with CFZ proceededMnsmegmatisN'T to see if it would still be possible

to observe changes in CFZ on addition of BDQ over this more limited wavelength
range. While a drop in CFZ absorbance is observed on additmrtadsium cyanide

and sodium dithionite, little change is seen on the addition of BDQ. This may be
because the results obtained with 750 nM CFZ are affected by precipitation of the
compound. Alternatively, BDQ may impact CFZ absorbance to a modest degree that is

only detecable in the 4885600 nm region.

Overall, these results are inconclusive as to whether CFZ absorbance has the potential
to be used as a measure of reductive stress in mycobacteria. Without replacement of
the widerange CCD or other modification to the bioenergetic chamber, it is unseitabl

for investigating this matter further.
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3.7.CONCLUSIONS AND FUTURE WORK

3.7.1.Strengths and weaknesses of the bioenergetic chamber

The results in this chapter demonstrate the power of the bioenergetic chamber in

studying metabolism in live cells. While developing a method for using the chamber

with mycobacteria was not trivial, the ability to simultaneously observe changes in

OCR anccytochrome oxidation state, and then compare the effects of different
compoundsK | & LINPJARSR &A3IYyATAOl yade bfNERF A Yy dzy R
a manner not previously achievedith these findings being summarised in section

3.7.2

Some other strengths of the bioenergetic chamber include the ability to observe
whether compounds have an immediate impact on, and are therefore active, against
different species, as well as at what concentrations these effects occur. Although this
does na negate the use of MIC assays, it can be used to do a preliminary evaluation
of compounds targeting cellular bioenergetics and inform the range of concentrations
that should be tested in a more thorough assay. Being able to view results-tinneal
alsomeans experiments to determine the appropriate concentration of compounds
to use usually only need to be conducted once, with subsequent amounts of the
compound being added, instead of performing multiple repeats with different starting

concentrations.

The potential to quantitatively measure changes in cytochrome oxidation state and

N Ais another attractive feature of the device however the difficulty of acquiring the

data to make these measurements means these features could not be exploited while
d0dzReAY3a .5vQa YSOKFYAaYDd 2 A0K FdzNMiL.KSNJ NBA ¢
smegmatis it is possible these features will be able to be applied to this species.

Ideally this would also allow further study ™. tuberculosis however given the

differences observed between the two species on the addition of CCCP and nigericin,
reference data acquired using isolatbtd tuberculosicomplexes should be obtained

and used instead for this species. Additionally, should the chamber be applied to the

study of a different genus of microorganism, a new set of model spectra would need

to be acquired before quantitative measurements could bede
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Another downside is the need for fully oxidised and reduced reference spectra to
make these measurements. Reduction of cytochromes is possible through a
combination of anoxia and reducing agents, however oxidation requires effective
inhibitors of early corplexes in the chain, which are not always available as evidenced

in this work.

Although a single experiment in the bioenergetic chamber provides a significant
insight into the bioenergetics of the cell, the time required for preparation of samples
as well as of the chamber itself, makes performing repeat experiments significantly
more laborious than techniques where repeats can be performed simultaneously.
This in turn, presents difficulties in terms of statistical analysis, for example, to
perform t-tests to show the effects of BDQ, CCCP, Nigericin and DCCD are significant
compared to ethanol controls, the control experiments would have to be acquired
separately for eat compound to minimise the risk of a false positive which comes
from using the same set of results across comparisons. This translates to at least 12 (4
x 3 repeats) ethanol control runs which is the equivalent of around 18 hours of labour,

with the potential for more if the data are variable.

The calibration system for the OCR readings is highly susceptible to user error, with
the calibration varying depending upon the exact timepoint the readings are taken
during the calibration procedure. Furthermore, while the phosphorescent membrane
has adantages over a Clark electrode, its gradual degradation may further contribute
to this issue. While this does call into question the accuracy of the exact OCR
measurements, the percentage change should not be impacted and so these readings

act as a usefuhethod of comparison across experiments.

The environment of cells in the bioenergetbambermust also be considered. In
order to remove the detergent used for culture growth, the cells must undergo
centrifugation and washing with fresh media without detergent. The impacts of these
manipulations on bioenergetic systems are unknown, as are thetsffa excluding
detergent, andhe OADC supplement in the caseMf tuberculosisfor the duration

of an experiment using the bioenergetic chamber. The media used does not represent

the environment ofbacteria during the course of infectiofiRustad et al., 2009)
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Adjustments to the media may allow for better modelling relative to the conditions
during infection but the chamber is unsuitable for macrophage studies as signals from
cytochromes in the macrophages would interfere with those from mycobacteria.
Therefore, the bioenergetic chamber cannot, at present, provide a true insight into
the exact state of mycobacteria undergoing antibiotic treatment during human or

animal infection.

The bioenergetic chamber is not suited to experiments longer than a few hours both
due to concerns about the impact of light on cells and the lack of ability to maintain a
sterile environment around the chamber which may lead to contamination of slow
growing cultures likeM. tuberculosis It is possible to grow cultures under certain
conditions and take samples to run in the chamber at set time points, however due to
the lack of cytochrome fitting currently available and the aforementioned issues with
OCReadings, it makes comparison between runs difficult. In this sense, experiments
in the bioenergetic chamber would benefit from complementary studies performed
using techniques that are better suited to long course experiments, such as NMR and

metabolomics.

3.7.2.Summary of results anidhplications for the field

Overall, the bioenergetic chamber is an extremely useful technique for studying
bioenergetic systems, however the high time cost means it is best suited to small
studies which require few repeats. As such, the chamber does not present a complete
solution © studying bioenergetic systems, but rather complements existing

techniques.

To summarisehe resuls of experiments with the bioenergetic chamber with regards

to the mode of action of BD@uddition of BDQ t®1. smegmatisand BSI2 compatible

M. tuberculosisstimulates an increase in OCR and reduction of thend c
cytochromes contained in the supercomplex. These effects match those observed
with the known ATP synthase inhibitor DCCD, but not those of established
protonophore/ionophores, CCCP and nigeridihe increase in OCR is dependent on
the presence of cytochromied oxidasejndicating this complex has a role in mitigating

the impact of BDQ on the bacteria. Effects of BDQ at nanomolar and micromolar
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concentrations are very similar, challenging the theory that BDQ has different modes

of action at different concentrationsjuo et al., 2021; Courbon et al., 2023

TKS RIFEGFE LINBaAaSYyidSR KSNB LINPOARSA adzZFFAOASY
action across all concentrations is direct inhibition of ATP synthase, similar to
oligomycin in mitochondrigSymersky etal., 2015 SA LA 0S . 5vQa &dz00Saa
the BPaL regimen, one of its known seféects is QT prolongation, which involves

disruption of the electrical activity of the heart due to inhibition of hERG potassium
channelsand has raised safety concerns (Sutherland et al., 20495 result,econd

generation compounds of BDQ, namely TE&®Y and TBA376, have already been

developed and completed phase | clinical tri@stherland et al., 2019; Hoelscher et

al., 2024. These compounds display higher MICs agahstuberculosisand lower

hERG channel inhibitiq®utherland et al., 2019l has been concluded TBB87 and

TBAB76 act similarly to BDQowever the understanding of their modes of action

hasbeerD2y Fdza SR o6& GKS 101 27F (QCourbdhétal., I NP dzy R
20230 . & LINPQGARAY3I Of SINI SOARSYyOS$hatavgs . 5v Q4
previously lacking in the field, this work lays the groundwork for further research on

these upcoming compounds, particularly with regards to considering potential

combination therapies.

Cytochromebd oxidase is known to play a role in bacterial survival inpgitessence of
stressors such as antibiotifisana et al., 2001; Boot et al., 201The results in this
chapter highlight the role of this enzyme in the response of mycobacteria tq &12Q
offer some explanation for the observation that deletion of cytochrdodexidase in

M. tuberculosi$ o Tw@ aK2NIl Sya .5vQa {(AftftAy3I GAYS 0.
Cytochromebd oxidase has been examined as a drug target, and while an inhibitor of
the enzyme was identified, at the time of writing, no further development has taken
place Lee et al., 2021 It is the hope of the author that proof regarding the role of
cytochromebd oxidase in the response of mycobacteria to BDQ will renew interest in
development of cytochromébd oxidase inhibitors. Such compounds would likely
display strong synergy with BDQ, allowing for developmenta gfowerful new

combination therapy.
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studying mycobacteria using the bioenergetic chamber enables significant future
dGdzRe LISNIIFAYAY3I G2 YeoO2o0lFOGSNALFE oA2SySNH
response to antibioticsResults obtained with the chamber could be used to identify

potential weaknesses following antibiotic treatment, highlighting potential future

targets for drug development such that combination therapies may be intelligently
designedThe chamber may also be ustalstudy preexisting drug combinations and

their effects on the oxidative phosphorylation system, compared to single drug
treatments. Furthermore, whilethis work focused onM. smegmatisand M.

tuberculosis this could be applied to NTM, following adjustments to the sample

preparation protocol.

However, there are some remaining questions surroundBigQ such as how
cytochromebd oxidase is activated upon cells being exposed to BDQ and why deletion
of this enzyme iM. tuberculosias a less significant effect on changes in OCR than
in M. smegmatis The former will likely require further study of cytochrorbe
2EARF&aSQa adNUzOGdNB:Z gKAES YSGiK2Ra FT2NJ ai
3.4.2. Itis also worth rexamining CFZ as a means to monitor reductive stress in cells
once the widerange CCD is replaceddditionally, how inhibition of ATP thase
ultimately results in mycobacterial cell death is currently unclear. As postulated in
section 1.6.3this may be linked to a drop in ATP levels from which the bacteria are
unable to recover. Studies usidtP NMR to monitor changes in ATP levels following
BDQ addition to mycobacteria, alongside the rate of bacterial cell deatuld

provide evidence for this link.

The observed relationship between nigericin and cytochrdahexidase is also worth
further study as it may provide further insights into how mycobacteria respond to
changes in and regulate the PMF. This would require measuring changed iand

n aon the addition of nigericin to cells and the relationship between the observed
OCR recovery and these changes with different amounts of cytochhmhoxidase
present. Thgn Ameasurements may be possible with the bioenergetic chamber, while

NpH can be measuredsing3'P NMR spectroscopy.
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4. 3P NMR

4.1.INTRODUCTION

4.1.1.NMR theory

baw Aa I LRSSNFdA FylfedArll t REYBNRDGAPS ALK
y2IWy @l aA @3S YSI aAd2NBYSydaod al 3ySGiA0 NBazylyoO:
1Y2BMILIE AOF A2y 2F YI3IySGiAO0 NBaz2ylryoS FyR Kt

'y dzy RSNNJ SR LlzN1J32asS 2F baw Aa Ada dzaS Ay
baw OFy LINRPZPARS NBFf GAYS RIGF 2y OKIy3aSa
aS02yRa (2 Y AW dzthd @ost commdnkydelzd Kucleus studied in a

biological context, there are several other biologically relevant nuclei that NMR can

provide data on, including but not limited t&*C,°N, 1°F,22Na and, most importantly

for this project,*'P (Grivet and Delort, 2009).

The theory behind NMR can be summarised as follows: nuclei witkeaemspin (1)

have an intrinsic nuclear magnetic momepj.(If placed in an external magnetic field
(Bo),)  -nuclei can align either with or against the field, resulting in two energy

states, the difference between which is given by equation 4.1.
3% 51U (Equation 4.)

SA& GKS [IFNXY2NJ FNBIljdzSyOe YR Aa GKS LINERdzO
FASER YR GKS YIFI3AySGi2TaANMAO{ NIYDA DaA2PD2YRE | ydz
H ®

' NB2Y GSYLISNI G§dzZNB 2N oSt26x +y SEOS&aa 27
AdSod GKSe Attt 0SS FEtAIYSR 6AGK GKS SEGSNI
YIEIySairal i 82w A0S0 0SNG T A AR M ikdrdctiof off RRA G A 2
t with Bo generates a torque, resulting in individual nuclear magnetic moments

precessing aroundoBat i KS [ F NY2NJ FNBIjdzSyOead ! SljdzAit Ao

LIKFaS FyR a2 GKSasS Y2dA2ya Ol yOSt 2dzid L¥T

142



FNBIljdzSyOe @Al LI AOF A2y, 62Ff | NRIRASTNF I 625
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YFAYySGAO Y2YSyda 2F aLRAyYy FOGA@BS ydzOf SA gAQ
YIF3aySdiAralrdAazy @SOG2 N

ang Attt aft26te NBGdNY G2 Aditat SajadsAT A0 INIAAYO [LiRA
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NEfFEFGA2Yyd ¢KSNBF2NBZ y2G3KSNJ wC LldzZ 48 Ydz
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al YSLdft

baw ff2ad G0KS ARSYUGAFAOFIGAZ2Y 27F ydzOf SA 27
AY Fy FLLXASR YI3IySiAO FASERT StSENRYyA 6.
FfAIYSR &t A¢RFAYIFIYySGAO FASER GKS ydzOft SA |
O2YO0AY Il AR 20FKdza YIF 1 Ay3 GKS [ FNX¥2NJ FNBI dzSy
RSLISYRSyild 2y GKS ad2NNRPdzyRAy3d St SOGNRY RS
TNBIjdSyOASa G(GKREST RAASNRIGBSNBEAXI RHFZ I Yy R ad
ALISOGNMXNOIIOWS KAAAT INSLI2Z NIISR Ay GSNXa 2F LI NI
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4.1.2.Phosphorylated metabolites

There are several key components of cells that contain phosphorous and thus are of

interest inin vivo3'P NMR experimentg. KS | NB | dzy RS NJ a-w LASLIS O tANMzY
Ad RANBOGf&@ LINRPLERNIAZ2YI G2 GKS 02y OSy i N
SYBANRYYSY(i®d ¢KdzAX baw aLISOGNRaO2LE OFy L
LIK 2 & LK@ ([@E3A y Ay 3 O2YLRdzyRa Ay I OStt FyR (K

ATP

Figure 4.2 Structures of AMP, ADP, ATP and ke protonation state afach of these

molecules varies depending on pH.

ATP, ADP and AMP along witlare the most crucial phosphorylated metabolites for
providing information on the energetic state of a cell. 31R NMR, the signals from
the | - andr - phosphorous nuclen ATRoverlap with the - andr - resonances of ADP,
thus ther -ATP peak is the most suitable for attempting to quantify the amount of ATP
(Grivet and Delort, 2009). Determining the exact concentration of ATP requires the

use of an external or internal standard of known concentration. However, to roughly
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monitor the changes in ATP concentration, it is simpler to compare the integrals of the
[ -ATP peak with thejlpeak. This ratio can provide a good indication of tbe/ATP

concentration in cells changes over time subject to a particular stimulus.

Polyphosphates are among the other phosphorylated metabolites of interest that can
provide additional information on the energetic state of cells. They are composed of
multiple inorganic phosphate groups linked via phospkat@ydride bonds and act

as stomge for P Short chain polyphosphates can be detected via NMR providing they
are solubilised (CGkama et al., 1986). Long chain polyphosphates cannot be detected

as their B relaxation times are too short (Satre, Martin and Klein, 1989).

Phospholipids are another key phosphorylated component of cells, being the main
constituent of cell membranes. Phospholipids themselves appear as a very broad
bump in the spectrum, making NMR spectroscopy unsuitable for direct observation of
phospholipid ¢vels. However, ppsphomonoesters (PMESs), phospholipid precursors,

and phosphodiesters (PDEs), phospholipid degradation products, can be clearly
observed in some cells providing information on phospholipid metabolism (Daly et al.,

1987;Kaplan and Cohen, 1991; Schlemmer et al., 2005).

Other phosphorougontaining compounds present at high enough concentrations
inside cells are detectable by NMR, but the specific metabolites discussed are the most
universally observed across vivo3'P NMR experiments$’!P NMR can provide a
unique picture of cellular energetics and metabolism in the course of a single

experiment due to the simultaneous detection of these metabolites.

4.1.3.Measuring cellular pH

Aside from being used along with ATP signals to provide information on the energetics
of cells, the Psignal in3P NMR can also be used to monitor intracellular and
extracellular pH (Moon and Richards, 19%&iert et al., 1988Chorao et al., 2010).
Protonation of Palters the electron density around the phosphorus nucleus which
affects the magnetic field the phosphorus experiences, altering its Larmor frequency.

This meansifh different protonation states will have different chemical shifts.
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Proton exchange between; Folecules occurs at such a rate that, as opposed to
seeing different peaks for different protonation states it'® NMR spectrum, an
average of the two peaks is observed, with the chemical shift dependent on the overall
protonation level of all An solution and, irturn, the pH. One of the pKalues of
inorganic phosphateHpPQr z HPQ? + H) under physiological conditions is 6.8,
meaning its chemical shift is heavily dependent on pH over the pH range normally
associated with biological systems (around pH.®) (Slonczewski et .al1981;
Ackerman et al., 1996).

In cases with living cells, multiple rBsonances are often observed, with one being
due to intracellular RRic) and another being due to extracellular(Pec), due to the
intracellular and extracellular environments being at different pHs. This is particularly
important in the case of prokaryotes that conduct oxidative phosphorylation at their
cell membranes, as this allows for teeH component of the PMF to be determined

via NMR, providing additional information on the energetics of the cells.

Moon and Richards performed the first experiment on intact cells in 1973, when they
were able to calculate the intracellular pH of rabbit erythrocyfé®on and Richards,
1973). Since then, it has been applied to different species of bacteria, fungi, and
animal tissue to monitor changes in pH homeostasis as a result of changes in external
conditions (Garlick, Radda and Seeley, 198eiert et al., 1988; Lyngstad and

Grasdalen, 1993Chorao et al., 20)0Equation 4.2 is the most commonly used to
determinepH from Pchemical shift, wherg  is the chemical shift afbPQ" and

) is the chemical shift diPQ? (Ackerman at al., 1996).

b( bt 11T e—— (Equation 4.2

3-)is the difference between the observed chemical shift pfnPsolution and a
reference®!P signal that is insensitive to pH changBsis may be in the form of an
external reference capillary containing a phosphorus compound with a known
chemical shift that does not overlap with those ebPany other peaks of interest in
the spectrum. Methylene diphosphonate (MDP) is a popular choice as an external

reference compound, as its chemical shift (~16.4 ppm depending on the pH of the
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reference solution) makes it easily distinguishable from other peaks in the spectrum
(figure 4.3)Satre, Martin and Klein, 1989; Gosset et al., 2008; Couldwell et al., 2009
Chorao et al., 200)0Use of an external reference requires consideration as to how
the capillary will be incorporated into the experimental setup and magnetic field

homogeneity must be maintained throughout a set of experiments.

An internal reference, either one added to or already present in the sample, is an
alternative. Glycerol phosphorylcholine (GCP), which inpehsitive, serves as one
possible example (Melvin and Shanks, 199H)sensitive compounds such as phenyl
phosphonate (PheP) and methyl phosphonate (MeP) can also be used. Provided the
compounds are taken up by cells, the chemical shift difference between them;and P
will change as a function of pH, meaning they can be employed to determine
intracellular pH. If nottaken up by the cellsthen MeP and PheP can still act as

reference compounds, but this is reliant on the pH of the sample medium being

known.
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Figure 4.3 Structures of MDP, GCP, MeP, PheP and PCr.

Any exogenous compound must be nontoxic and not affect the pH homeostasis of the
organism under study. These requirements do not apply to biological moleltkges
ATP, thg -ATP peak of which is mostly pH insensitive and can be used as a reference,
and phosphocreatine (PCr). PCr is a molecule capable of transferring a phosphate

group to ADP to form ATP found primarily in vertebrate musculature (Feldman, 1999).
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While it is a valid reference compound in some studies, its use is limited as it does not
occur in all cells and, even then, is best suited for experiments done on tissues with a
high level of PCr (e.g. muscle tissue) (Rata et al., 28T#).is a suitable reference
compound for a much wider range of studies, although the peak shape qf-feP

peak can be disrupted by signals from uridine diphosphate glucose ant{MA&den

et al., 1991).

Water can be used as a chemical shift reference by obtainitd) spectrum of the
sample and then finding the relation between the resonance frequency of the water
peak and a peak with a known identity in tFi€ spectrum. So far this has only been
demonstrated with PCr (Rata et al., 2014). Once this relation has been found the water
peak in &H spectrum can be used to estimate the position of#fespecies, allowing
creation of a virtual peak in th&P spectrum which can then be used as a reference.
Although shown to be viable, this is more involved than using‘Ra reference
compound and no improvement in accuracy was shown over ugtdgJP as a
reference. Additionally, the chemical shift of water is temperature dependent, so a
constant temperature must be maintained throughout experiments using this

approach (Vitkin et al., 1997).

Although Fis a convenient native pH probe, its use comes with a couple of drawbacks.
Firstly, the chemical shift of B pH insensitive above pH 8, making it unsuitable for
monitoring the cellular response to alkaline conditions (Slonczewski et al.,1981).
Secondly, in some casesignals cannot be clearly distinguishesla result of signals
from other compounds occurring at overlapping regions in the spectrum (Martin et
al., 1987)Due to these reasons, some groups have investigated the use of diterna

exogenous pH probdgSlonczewski et al., 1981; Thoma et al., 1986tri et al., 2000).

Slonczewski et a{1981)identified MeP as a potential pH probkleP has a pKa of
7.65 and its chemical shift was found to be pH sensitive up to and including pH 8.5,
allowing the monitoring of pH homeostasis i coliunder alkaline conditions.
Furthermore, MeP has a significantly different chemical shift (22205 ppm) to
native phosphorugontaining compounds, making MeP resonances easy to

distinguish. Because of this, MeP was used to obtain a value for the &gthojol pH of
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the slime moulictyostelium discoideufD. discoideur)y after attempts to use iRs
a pH probe had proven problematic due to difficulties in correctly identifying the P
peaks(Jentoft and Town, 198Martin et al., 1987 Satre, Martin and Klein, 1989

One downside of using MeP is that its uptake by cells is variable. Intracellular MeP is
only detected inE. colicells if they are grown on glycerol and MeP uptakelhy
discoideunhas been recorded in some studies but not in others, however it is unclear
whether this is due to a different choice of growth medium or a different strain of the
amoeba being studie(Slonczewski et al., 1981entoft and Town, 198%atre, Martin

and Klein, 198p

PheP has been proposed as an alternative pH probe and was used to measure pH in
E. coliwithout the need for glycero{Thoma et al., 1986} nfortunately, issues with

PheP uptake or toxicity have been reported Fdavobacteriunsp. (which was later
reclassified aSphingomonas chlorophenolicacBlorophenolici(Steiert et al., 1988;
Leung et al., 1999and D. discoideunmespectively (Satre, Martin and Klein, 1989)
illustrating that while PheP can be used as a pH probe, much like MeP, its scope is

limited.

If the Rc and Recpeaks are poorly separated, for example if the applied magnetic field
is heterogenous, then accuratpH measurements will be impossible. Therefore, a
series of neutral linear and cyclie and| -aminophosphonates were evaluated in an
effort to find more sensitive pH probes (Pietri et al., 2000). It was theorised that if the
amine was the preferred protonation site, then this would lead to a more sensitive pH
probe. Every aminophosphonate demonstrated a pH sensitivityithes greater than
that of R One of these compounds, diethyl(@ethylpyrrolidin2-yl)phosphonate
(DEPMPH) (figure 3), was used as to obtain valuemti@cellularand extracellular

pHin isolated rat hearts and livers (Pietri et al., 2000; Pietri et al., 2001).
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Figure 4.4 Structures of exogenous pH probes DEPMPH and tBuMeP.

In later studies done withD. discoideum,DEPMPH, as well as anothgr
aminophosphonate probe, diethyKfert-butylamino}eth-1-yl)phosphonate
(tBuMeP), did not show the same toxicity issues as PheP (figure 4.4). They also
allowed the determination of cytosolic and endolysomal pH, an improvement on MeP
which only gave an intracellular signal assigned to thesojio compartmen{Satre,

Martin and Klein, 1989Gosset et al., 2008)Despite the advantages of using
aminophosphonate probes, the number of studies done with them are limited, likely

due to the fact they are not commercially available.

3P NMR is a powerful technique for measuringipiivoand can provide insights
unobtainable by other methods. However, its applicatios nontrivial and
experiments must be designed carefully to derive reliable results. While the use of
intrinsic speciemeans there is no concern over the impact of adding a compound not
normally contained in growth media to the organism under studften use of

exogenous pH probes can be easier and more reliable.

4.1.4.Examples of live cell NMR studies

The ability to noAnvasively monitor cellular pH in conjunction with the levels of ATP

and other phosphorylated metabolites maké$ NMR a useful tool for observing
OSttaQ NBaLRrRyasSa (2 OKI y JBhmeieksbgeliiHa®A NI SEG S
Hagerdal and Vogel, 199&horao et al., 20)0Some examples of experiments in this

area include those done oRhodococcus rhodochro@BT18 R. rhodochrous a

strain of bacteria found in wastewater treatment plants (Wever et al., 19B7¢.

ability of this strain to degrade benzothiazole pollutants led to interest in its ability to
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cope with different stresses and this was investigated ustRgNMR and®C NMR
(Chorao et al., 2010). TH&P NMR data in particular showed that following anoxia,
intracellular pH and ATP levels returned to normal within 3 hours, something not

previously observed in environmental bacteria.

LohmeierVogel et al(1995)investigated the effects of oxygenation on three different
species of yeast metabolising glucose or xylose using a combinafittharfd>C NMR
(LohmeierVogel, HahfHagerdal and Vogel, 1995; LohmeMogel, Mcintyre and
Vogel, 1996)They found that while glucose metabolismSaccharomyces cerevisiae
(S. cerevisigaand Candida tropicali§C. tropicaliyis independent of oxygenation, this
is not the case foPichia stipitigP. stipitig. In contrast, the rate of xylose nadolism

was higher under aerobic conditions for bd®h stipitisand C. tropicalis

A combination of*C and®*P NMR were also used to examine the effect of changing
the substrate on growth of the bacteriu@lymomonas mobili&. mobili} (De Graaf

et al., 1999)Differences irZ. mobilisgrowth on fructose compared to glucose were
unexplained prior to this study but use #P NMR linked growth differences to an
overall change in cellular levels of phosphorylated metabolites. Another study looked
at the effects of growing the nitrogefixing bacteriaBradyrhizobium japonicur(B.
japonicum) in a highosmolarity medium versus a leasmolarity medium (Pfeffer et
al., 1994)B. japonicunproduces a cyclic oligosaccharigbpsphocholinesubstituted
3-1,3;1,6 cyclic glucan, which is observable 3 NMR. Through the use of this
technigue in conjunction with*C NMRphosphochohe-substituted 31,3;1,6 cyclic
glucanwas implicated to play a role in adaptation of the bacteria to-tmsmolarity

conditions.

3P NMR is also a powerful tool for investigating the effects of a specific compound,

such as a pollutant, on live cells. Specificalli, NMR can provide evidence on

whether a xenobiotic acts as an uncoupler in prokary¢ldsoma et al., 1986teiert

et al., 1988 LohmeierVogel, Ung and Turner, 2004n a3P NMR spectrum, the
O2ftflLJAS 2F pLI Ol dzaSR o0& |y dzyO2dzLd SNI Ol vy

peaks assigned toifand R.c (or the equivalent peaks of an exogenous pH probe).
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Uncoupling is accompanied by a drop in thRATP peak due to ATP being hydrolysed

without reserves being replenished by oxidatpteosphorylation.

3IP NMR has been used to observe the uncoupling activity of the biocide
pentachlorophenol orE.coli(Thoma et al., 1986). A later study showed that while
chlorophenolicaa bacterial species known to break down some chlorinated phenols,
IS resistant to uncoupling bgentachlorophenalit is susceptible to the uncoupling
action of a chlorinated phenol with a different substitution pattern, 3;4,5
chlorophenol (Steiert et al., 198&imilarly, 3P NMR experiments ork. coli
investigating the toxicity actimof group 16 pollutants were able to provide evidence
that tellurite acts as an uncoupler, while selenite does not (Lohméagel, Ung and
Turner, 2004).

3P NMR enables monitoring of cellular metabolism vivo and can probe
phospholipid metabolism. PME levels have been shown to be higher in tumour cells
compared to healthy tissue (Sostman, Armitage and Fischer, 1984; Maris et al., 1985).
3P NMR was used to identify the PMEs detected in NUBA231 human breast
cancer cells as phosphocholine and phosphoethanolamine, both phospholipid
metabolites, and the pathways producing them (Daly et al.,198%gr,3'P NMR was

also used to provide information on the afhway for synthesising
phosphatidylcholine, a phospholipid formed from phosphocholine, in lymphocytes
(Kaplan and Cohen, 1991).

3P NMR allows the metabolism of some xenobiotics in live cells to be monitored. The
main application of this is in investigating drug metabolism. Boyd €1886)used

3P NMR to study the conversion of cyclophosphamide, a phospluamitsining
anticancer prodrug, to its active phosphoramide mustard form in U937 human
histiocytic lymphoma cells. They demonstrated that the phosphoramide mustard
formed from cyclophosphamideannot readily cross cell membranes, and therefore
must be formed intracellularly. The group also obtained a rate constant for the
disappearance of the phosphoramide mustard. In a similar manner, Sonawat et al.
(1990)studied the metabolism of the cyclophosphamide derivative mafosfamide in

P388 miceleukaemiacells The halflife of S2-[3-(aminopropylamino)]ethylphos
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-phorothioic acid, a radioprotective agent, in mice has also been investigated®8ing

NMR (Knizner et al., 1986).

The number of experiments that can be conducted in this area is limited beétise
NMR is only useful for monitoring phosphortsntaining drugs (or drugs with known
phosphorylated metabolites). Indeed, more literature is available on studying drug
metabolismin vivousing'H and**F NMR (Bell, Gadian and Preece, 1990). The major
issue with this application of NMR spectroscopy is that a relatively high concentration

of a drug is needed in order for it to be detectable via NMR (generally above 100 mM).

4.1.5.Determining exchange rates

Magnetisation transfer (MT) is a technique that allows the determination of rate
constants for exchange reactions between two species.3® MT experiment, one

of the exchanging species is selected andsigmal is perturbed via inversion or
saturation (i.e. continued irradiation at the Larmor frequency, eliminating the
population difference between spin states). Signal perturbation is transferred to the
second exchanging species by chemical exchange, &adurement of this allows

guantification of the exchange rate.

The first3¥P MT measurements on an enzyme catalysed system (adenylate kinase)
were donein vitroin 1977 (Brown and Ogawa, 197If).vivosaturation transfer (ST)
experiments were used to obtain unidirectional rate constants for the synthesis of ATP
from R and the hydrolysis of ATP te(Bnd ADP) iik. colishortly afterwards (Navon

et al., 1977).

The majority ofin vivo3'P MT experiments have been done on vertebrate tissue, in
which both PGATP andPATP fluxes can be investigated (Befroy et al., 2012). A series
of experiments or8. cerevisiaeemain the only other notable application &P MT to

the study of microorganisms (Alger, Hollander and Shulman, 1982; Campbell, Jones
and Shulman, 1985; CampbBilirk, Jones and Shulmd®87). The unidirectional rate

for the conversion of Ro ATP was obtained via saturation of thé\ TP signal under
aerobic and anaerobic conditions (Alger, Hollander and Shulman, 1982). The

contribution from the action of mitochondrial ATPase te@ dnsumption was
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investigated through the addition of a mitochondrial respiratory chain inhibitor,
antimycin A (CampbeBurk, Jones and ShulmatB87). The rate ofiRonsumption
observed by ST decreased appreciably and, notably, was similar to the value obtained

under anaerobic conditions.

The  glyceraldehyd8-phosphate  dehydrogenase/phosphoglycerate  kinase
(GAPDH/PGK) pathway was suspected to be responsible for the remaining P
consumption (Alger, Hollander and Shulman, 1982). Campioel et al(1987)used

data from MT experiments with a GAPDH inhibitor, iodoacetate, to conclude that P
consumption is the sum of contributions from mitochondrial ATPase and GAPDH/PGK
with the contribution from each pathway being dependent on growth conditions (e.g.

oxygenation and substrate).

The abundance of literature on MT studies in humans and other mammals validates
the technique as a neinvasive means of obtaining rate constants. Although far less
work has been done on microorganisms, this particular applicatiéfPdiIMR should

not be ignored as it can provide further information on the bioenergetics of a cell.

4.1.6.Aims for this chapter

The original aim of this chapter was to develop a method for studying mycobacteria

using®'P NMR and apply this to the study of the mechanism of BDQ. When it became

Of SFNJ RIFGF FNRY (GKS 0A2SYSNHSGAO OKIFYOSNI |
mode of action efforts were refocused there and as such this section dacribes

the methods development process which was carried out via the following steps:

l. Devise a system to oxygenate and mixsmegmaticultures so that they
may be sustained over the course of an NMR experiment.

Il. Find an optimal set of parameters for acquirif® NMR data from
mycobacteria.

1. Acquire3P NMR reference spectra of phosphorylated metabolites so that

they may be correctly identified iM. smegmatispectra.

154



4.2.ESTABLISHING A SETUP FOR LIVE CELL NMR
STUDIES

4.2.1.Examples of systems used to perform NMR studies on live
cells in literature

One of the main challenges of performing NMR on cell cultures is the issue of keeping
cells alive inside the magnet. In a study working with aerobic cells, a system of keeping
the cells oxygenated in the NMR machine must be devi3ée inability to use
magnetic metals within the near vicinity of the spectrometer further complicates
matters. Additionally, heterogeneity in the sample will result in peak broadening, so

often a means to keep the sample stirred is also required.

The obvious solution to both of these issues is to stir the culture by bubbling air
through it. However, oxygen is paramagnetic, meaning oxygen bubbles affect the
homogeneity of the magnetic field which results in pdmkadening (Jentoft and
Town, 1985)Navon et al(1977)synchronised the oxygen bubbling and RF pulse, such
that scans were only recorded after an oxygen bubble had finished passing through
the coil. More common are systems designed with an inner and outer tube so that
oxygen is bubbled ab@ the detector, oxygenating the culture and causing liquid to
flow through the innefouter tube system, thereby mixing it; these are known as airlift

systems.

Examples include one developed by Jentoft and T¢w®85) used to studyD.
discoideum,which gave better signal resolution and mixing compared to simple
oxygen bubbling, and one developed by Santos and Ti®86).The Santog urner
design has since been modified and used by several groups, likely due to oxygenation
being achieved at a significantly lowes kubbling rate compared with the Jenteft
Town system (15 mL minversus 13@150 mL mirt) (Kramer and Bailey, 1991
Lyngstad and Grasdalen, 1993; Meland Shanks, 1996).

Perfused systems, in which an oxygenated medium is cycled through the NMR tube,
are another means of maintaining live cell cultures. Using a perfused system is a must

if working with cells sensitive to a builg of toxic byproducts or cells that can lysie
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exposed to vigorous bubbling (Sostman, Armitage and Fischer, XSi8dnging or
adding things to the medium in perfused systems is easier, facilitating long studies on
the impacts of changes in external conditions. Temperature control can be achieved
through heating the medium in a water bath before it is cycled througthéocells
(Carvalho et al., 2019).

Perfused systems can require significantly more medium than airlift systems
(depending on whether the medium is reoxygenated after being passed through the
culture and recirculated). A more complicated setup is also required as pumps are
needed to circula¢ the medium (Grivet and Delort, 2009). Cells must be prevented
from cycling (usually through immobilisation in agarose gel threads/beads or alginate
beads)lthough the method of immobilisation should not interfere with the ability of
cells to extract nuients from the medium (Lohmeie¥ogel, Mcintyre and Vogel,
1996; Hesse et ak00Q Carvalho et al., 2039

Both airlift and perfused systems have their separate benefits, making them more
suited to different types of experiment. For simple and short studies (1> day), a basic
airlift system provides a straightforward solution to the task of maintaining the cells

through the course of the experiment. Perfused systems are more suited to long
studies (several days), particularly those focused on the effects of changes in the

culture medium.

4.2.2.Air motor design

To avoid disruption of the homogeneity of the magnetic field due to stirring via
bubbling, a system consisting of a mechanical stirrer powered by gmowaiered
motor was conceived (figure 4.5)he setup was designed to work with a Bruker 400
MHz widebore spectrometer. The sample is contained in a Falcon tube which screws
onto another tube that runs to the top of the bore of the spectrometer. The second
tube has bearings positioned throughoutdt limit any potential wobbling of the rod
without restricting its rotation. Rather than using bubbles to supply oxygen to the
cells, oxygespermeable platinurrcured silicon tubing is run through the Falcon tube

and used to oxygenate the culture.
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Figure 4.5 Diagram of akpowered motorstirrer setup for performing NMR on live

bacteria.

Initial designs of the ajpowered motor consisted solely of a rotor connected to a
shaft, housing and lid. A clearance of 0.2 mm between the rotor blades and the casing
was used to ensure maximum efficacy of the motor. The components were produced
using a3D printer and the ability of the design to drive mixing of a 28 sample was
tested. Hand sanitiser was selected as the sample as it has a greater viscosity than the
cultures that will be used and therefore serves as a good test as to whether sufficien

force can be generating using the motor.

With the 3D printed components, the rotor would only turn in the housing in the
absence of the lid. Additionally, sufficient force to stir the sample was only achieved
with the rotor alone. This was likely due to a lack of support to maintain the
orientation of the shaft in the housing, which caused to rotor to move within the
casing and come into contact with the sides, reducing the force of the rotation output.
To rectify this, the motor was redesigned witle bottom of the housing designed to
accommodée a bearing that fits to the shaft and should therefore prevent the rotor
from moving within the casing (figure 4.6). The port for air input was also changed to

one that would connect to a push fit connector which facilitates connection to the air

supply.



Housing Lid Rotor

Figure 4.6 CAD models for the components of the redesignepairered motor.

Following manufacture of these parts from hard plastic, the efficacy of the air motor
was evaluated through benchtop tests with a 253csample of hand sanitiser,
selected as its viscosity is greater than that of any culture that will be used in future
experiments. The motor was able to rotate a ca. 40 cm shaft with a shaetike
component at the bottom at a speed sufficient to mixeteample. This demonstrated
that the motor alone is able to generate sufficient torque to mix a fluid sample without

needing to include gears in the set up.

One issue, however, is that the shaft noticeably wobbled while being turned by the
motor. Excess motion of the shaft, and by extension the stirrer, is undesirable as it
may result in disruption of the homogeneity of the magnetic field, thereby reducing
the quality of the spectra. Additionally, it has the potential to lead to mechanical wear,
especially as experiments wiBDQare planned to be conducted over a period of

several days.

The hope in the original design was to include a tube that would screw onto the top
of the sample container and contain bearings to support the shaft and limit its motion.
The practicalities of making such a tube are less simple than its conception and upo
examining the dimensions of the air motor and the bore of the NMR machine, the
design was redrafted (figure 4.7). By adjusting the inlet and outlet ports on the motor,
it can be made to fit inside the NMR machine, just above the sample, thereby reducing

the length of the shaft, and with it, any wobbling that may occur with stirring.
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The reduced size means producing the components needed for this revised design
would have resulted in a significant wait time. To avoid such a gatagxamination
of previous setups used fan vivoNMR on microorganisms to look for potential

alternatives was conducted.

Air in
0,in —> —— —— 0, out
Pt-cured silicon
tubing
Air motor—__ .
T Air out | Connecting tube -
| screwsonto both
the sample tube
Samp!e tube - - | and the air motor
rests in NMR coil
Coil~ —Stirrer

Figure 4.7 Diagram of redrafted aipowered motosstirrer design for performing

NMR on live bacteria.

4.2.3. Airlift design

An airlift system published by Santos and Turner was selected as a promising base for
a new live cell NMR set u@dntos and Turner, 1986lhe original design features a

10 mm NMR tube with a 5 mm capillary fitted inside of it. Oxygen is introduced via air
being bubbled into the inner capillary, above the part of the sample that is contained
within the detection coil. As the air bubbles rigwough the culture, they draw liquid

up with them, thereby generating a flow and mixing the solution. The system is
reasonably simple to construct and was reported to achieve high levels of oxygenation

and mixing of substrates in solution.

A widebore NMR machine allows for a 30 mm sample tube as opposed to a 10 mm
one. Having a greater sample volume inside of the coil increases the SNR for cell
suspensions of the same concentration, therefore it is beneficial to capitalise upon the
extra vdume available. It is unclear how important the outer diameter ratio of the

inner capillary and outer tube is to generating sufficient flow to mix the culture and so

15¢



the original intention was to test multiple versions of the design shown in figure 4.8.
By performing mixing tests with inner capillaries of different diameters (dimension X),

the optimum ratio could be found.

A 10 mm diameter inner capillary was chosen to test the proof of concept of the
design. Simple plastic rings like those pictured in the diagram were made via 3D
printing and the chamber was assembled with a drop of gel food colouring being
placed on the btiom of the inner capillary. 40 mL of water was added, and upon the
introduction of a stream of air through the air delivery tube, mixing throughout the
chamber was immediately observed with the dye being fully dissolved and mixed after

approximately 10 ssonds of bubbling.

=

1 mm

\

140 mm

00 o 0000 S0

Figure 4.8 Diagram of an initial design for an airlift system to be used with a Bruker
400 MHz widebore spectrometer, where dimension X could be varied to find the inner

capillary diameter to outer tube diameter ratio that achietiee best results.

Satisfied that the system could provide adequate mixing, a cultuM.dmegmatis

WT was loaded into the chamber to see if adequate oxygen could be provided to keep
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cells alive. After three hours of the chamber being incubated in a water bath &t 37

with compressed air being bubbled through, although no growth was observed, the

OCR2Z ¥ OSf t a )9 monitoredausing ihg" bioenergetic chamber, was very

AAYAT I N G2 GKFIG 0STF2NB GKS Odzf G%HzNB gl a € 21

This demonstrates the design is able to keep cells alive, although several issues were
identified in the process. Firstly, the presence of Tween 80 in the media means that if
the air flow rate is too high, the top of the culture starts to bubble up andajuhe

exit tube. Secondly, the simple plastic rings were designed such that ensuring the
dimensions of the inside of the chamber remain the same in each experiment relies

upon use of a measuring tool and the setup is liable to getting knocked out ¢iposi

In order to solve the first issue, the decision was made to add a regulator to the air
input to allow better control over the flow rate. A new design the plastic ringsvas
modelledusing CAD softwareo that the air delivery tub&as better supported and

all the components fit together such that reassembly of the chamber after cleaning
was not subject to human error in terms of positioning (figure 4.9). In order to
accommodate thesehanges, the outer diameter of the inner capillary had to be
changed from 10 mm to 15 mm. Plans to investigate the impact of altering the
diameter of the inner capillary were discarded as the thickness of the plastic required
to make the new rings durablaeant changing the diameter of the inner tube would
result in smaller holes for the liquid to pass through and would likely interfere with

mixing.

Another test was done with gel food colouring using this new design and it was shown
to mix effectively with an easier set up process. The new rings prevented any
components from being knocked out of position and so the design was taken into the

next phaseof testing.
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Figure 4.91mages of the redesigned NMR airlift chamber show&)ddAD models of
the structure andB) the actual assembly of the chamber using a mixture of 3D printed

components created from the CAD models and glassware

4.2.4.Verifying design is suitable for culture growth

Rather than doing another experiment with. smegmatis growth measurementof
Bacillus subtili¢B. subtiliwere performed using the chambetable 4.1). In order to
show the chamber is able to oxygenate cells effectively, it is important to demonstrate
it can support cell growth anB. subtilishas a significantly shorter doublistigne than

M. smegmatig20 mins versus-3 hrs) Klann et al., 199& rington and Aart, 2020),
meaning the culture can be monitored throughout growth to ensure there are no
issues with the air flow rate. For initial tests, a flow of compressed air was used to

oxygenate and mix the culture in the NMR chamber.

Bacterial growth is observed in the chamber over a period of 7 hrs under these
conditions, showing that it can support some cell growth. When compared to a culture
grown in a 250 mL conical flask placed in an incubator however, growth in the NMR

chamber isslower, and appears to start to plateau around thddgur mark. One

162



explanation for this is that the bubbling rate with compressed air is not sufficient to

supply cells with enough oxygen once the culture reaches a certain cell density.

Table 4.1 Growth measurementdor B. subtilis 168 grown in LB media in the NMR
chamber using a flow of compressed air versus a 250 mL conical flask. All cultures were

incubated at 3PC with the 250 mL conical flask being shaken at 200 rpm.

Time(hrs) ODsooOf culture in 250 mL flask ()  ODsoo Of culture in NMR

chamber ()
4.3 0.4 0.4
6.3 2.0 1.4
7.5 3.0 1.6

Increasing oxygen delivery by increasing the bubbling rate further carries the risk of
the bubbling being too vigorous, potentially leadingltss of culture from the air
outlet tube in the lid. Therefore, the experiment was repeated with a similar bubbling
rate, but this time using a 40% oxygen, 60% nitrogen mix instead of compressed air to
supply the cells with more oxygédtable 4.2) Under these conditions, growth in the
NMR chamber much more closely matched that in a 250 mL conical flask. This
demonstrates the oxygen content in compressed air is not sufficient for maintaining
cultures at an OB >1 in the airlift design. Aa result, future experiments were
performed using an oxygen generator, able to provide a gas flow composeeB6P50

oxygen.
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Table 4.2 Growth measurementdor B. subtilis 168 grown in LB media in the NMR
chamber using a flow of a 40% oxygen, 60% nitrogen mix versus a 250 mL conical flask.
All cultures were incubated at 3C with the 250 mL conical flask being shaken at 200

rpm.

Time(hrs) ODsooOf culture in 250 mL flask ()  ODsooOf culture in NMR

chamber ()
4 0.3 0.1
5.8 1.7 1.5
6.9 2.6 2.3

4.2.5.GrowingM. smegmatisn the NMR chamber

Having shown the airlift system could support bacterial growth, attention was shifted
to exploring how well it could support a. smegmatisculture for potential BDQ
studies. To ensure any increase in culturedo®as due toM. smegmatigrowth, air

into and out of the chamber was run through microbial filters to prevent potential
contamination of cultures. Additionally, all glass and silicon tubing components were

autoclaved prior to use, while 3D printed components were sterilised U§fgEtOH.

Unlike B. subtilis M. smegmatigs grown in the presence of a detergent (Tween 80)
which caused cultures to foam upon bubbling air into the chamber in initial
experiments. This resulted in loss of culture via the air outlet tube and so ways to
minimise this effect were investigated. Mylacteria grown in bioreactors are
supplied with oxygen via a similar manner to the NMR chamber, i.e. bubbling in air,
with antifoam C emulsion being added to prevent foaming. This method was trialled
in the NMR chamber and was found that adding 05% antifoam C emulsion to the
growth media reduced the level of foaming such that air could be introduced to the

chamber at a rate of 0.6 LPM without loss of culture through the outlet tube.
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It was also observed that the 3D printed components swelled after being in contact
with aqueous solution. As a result, they were easily damaged during disassembly of
the NMR chamber and had to be replaced after a single experiment. To make the
design of tle chamber more sustainable, the parts were reproduced using polyether
ether ketone (PEEK). PEEK is more durable and can be sterilised by autoclaving. It has
also been demonstrated to be nesytotoxic to two human cell lines, therefore
making it suitable fo use in biological applications (Limaye, Veschini and Coward,
2022).

Following these changedl. smegmatiswas left to grow in the NMR chamber
overnight. Sometime during this period, the fluid level in the chamber fell to below
the level of the inner tube, thus rendering the chamber unable to mix the culture
properly. This drop in fluid was initially believiedbe caused by evaporation due the
air being bubbled through the chamber having a very low humidity. In an attempt to
combat this, the air was first bubbled through a tube of deionised water before being
introduced tothe chamber. Although this should have increased the moisture content
of air being bubbled through the chamber, significant loss of liquid overnight was still

observed.

Sterile mineral oil is used to limit evaporation in tissue culture, but was found not to
be suitable for use in the NMR chamber. Any level of bubbling resulted in disruption
to the mineral oil layer, thereby rendering it ineffective. An alternative sofufio
which cultures were grown in 250 mL flasks overnight to a3 around 0.5 and

then transferred to the NMR chamber was trialled.

The logic behind this was that the fluid level in the chamber could then be observed
throughout growth and the culture could be topped up with fresh growth media as

required. During this process, it was noticed that there was a leak where the glass air
inlet tube was inserted into the chamber lid. This is likely why such volume loss of the

culture was observed when left bubbling overnight.

The lid was redesigned to have the same proportions but witln@s incorporated in
the hole for the air inlet tube and around the base of the lid to form a tight seal against

all glass fittings. No leaks were observed with the new lid design and attempte
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the chamber to growM. smegmatisvere restarted. The same procedure as before,
wherein the culturevas grown in a 250 mL flask overnight and then transferred to the
NMR chamber, was used. Succinate was selected as the carbon source for this
experiment as succinate grown cells have a lower oxygen consumption and so have a

greater likelihood of growing irhe chamber if oxygen supply is the limiting factor.

Growth measurementsvere acquired, showing the succinagrown M. smegmatis

will grow in the NMR chambetaple 4.3. Growth in the chamber is similar to that in

a 250 mL conical flask, although the growth rate in the conical flask was slightly faster
after an Olgooof around 1 was reached. The experiment was repeated using glycerol
as the carbon source to match the conditions used for bioenergetic chamber
experiments(table 4.4) A faster growth rate is again observed in the 250 mL conical
flask, but the WIR chamber still is able to support culture growth up to arséobf

3.8.

Table 43: Growth measurementsfor M. smegmatis WT grown in 7H9 media
supplemented with Tween 8(.05% v/v) antifoam C emulsiori0.05% v/v)and
succinate (50 myin the NMR chamber versus a 250 mL conical fldskultures were

incubated at 37C with the 250 mL conical flask being shaken at 200 rpm.

Time(hrs) ODsooOf culture in 250 mL flask ()  ODsoo Of culture in NMR

chamber ()
0.0 0.5 0.6
2.1 0.9 0.9
3.6 1.5 1.2
6.6 1.9 1.7
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Table 4.4 Growth measurementsfor M. smegmatis WT grown in 7H9 media
supplemented with Tween 8(®.05% v/v) antifoam C emulsiori0.05% v/v)and
glycerol(50 mM) in the NMR chamber versus a 250 mL conical flask. All cultures were

incubated at 37C with the 250 mL conical flask being shaken at 200 rpm.

Time(hrs) ODsooOf culture in 250 mL flask ()  ODsooOf culture in NMR

chamber ()
17.3 0.4 0.5
3.6 11 1.0
5.7 1.9 1.6
7.8 2.3 1.9
23.3 4.8 3.8

Having shown bacterial cultures can grow in the NMR chamber, this setup can be
implemented in a widdbore NMR machine. The effect of bubbling rate on the quality
of NMR spectra obtained still needs to be investigated. This could be done by using
standard slutions of phosphorylated metabolites and studying the impact of
bubbling rate on peak broadness in tH® spectra acquired. Once a bubbling rate that
supports sufficient cell growth and allows for the collection of kiglality spectrahas

been found the NMR chamber can be used to study bioenergetics in live cells.

4.3.3P NMR ACQUISITION PARAMETERS

4.3.1.Calibrating the reference power for a®RF pulse

The maximum signal for NMR is achieved when the overall magnetisatioils M
rotated 9C° from being aligned with the-axis into the xyplane. This angle of rotation
can be changed by altering the power of the RF pulsgéd NMR the signal is sufficient
for NMR software to calculate the power needed for & pQIse, and subsequently

the power required for other rotation angles. P NMR this is not the case, so the
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reference power for a 90pulse must be identified manually. To achieve this, the
reference power was varied from 5 to 40 W in increments of 2.5 W and this was
plotted against the integral of the resulting signal from a 25 mL sample of 0.2 M

monosodium phosphate (figure QL
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Figure 4.D: Effect of the referencgower value input on the intensity of thes®ynal

in the resulting™®P NMR spectrum of a O\ solution of monosodium phosphate.

The data was fitted to a sine curve, the expected output if one considers the impact
of the angle of rotation of Mon the degree of magnetisation in the-gjane. The
maximum signal occurred when the reference power was 15 W, therefore this is the

reference power of a 3Qulse for a 25 crhsample.

4.3.2.0ptimising data collection

The acquisition parameters for experiments with smegmatiseed to be carefully
selected to provide the best quality data. To this end, a series of experiments
qualitatively examining the impact of different parameters on the appearancérof
spectra of atM. smegmaticulture were conducted. As this work was performed prior
to the full development of the NMR airlift chamber, the culture was unstirred and

allowed to go anaerobic in a sealed tube for these experiments.
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One of the main parameters to consider is the repetition time (TR); the time between
scans. If a second RF pulse is applied before the population difference between spin
states has returned to its equilibrium value, then the magnitude of the overall
magnetsation vector rotated into the xplane will be smaller than that following
application of the first pulse. This results in the signal being truncated, thus why a
greater SNR is observed for longer TR values in figule Butthermore, if different

31p-containing species in a sample have differenvdlues, then a short TR can result

in peak integrals beings Weighted.
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Figure 4.1: 3P NMR spectra (162 MHz) . smegmatisJR128n TrisSQ buffer

recorded using different TRs, 2000 averages and a flip angle’.oT®@ broad peak

found between 5 to 2 ppm is likely a combination of signals from AMP jandhike

the peak at10 ppm is due to another unidentified phosphorylated metabolite.

It is also important to consider the effect of averaging on the SNR. While a longer TR
may give a better SNR over the course of one scan, a shorter TR allows for a greater
number of averages to be recorded over the same total scan tiimeling the correct
balance between the TR and the number of averages was investigated through
examining data from spectra recorded using different numbers of averages and

different TRs but similar total scan times. Figure24shows data from three
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experiments, with total scan times of 4B minutes. In spite of the shorter TR, the
spectrum recorded using 4000 averages has a better SNR ratio compared to the other

two.
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Figure 4.2: 3P NMR spectra (162 MHz) df. smegmatisJIR128n TrisSQ buffer

recorded using different TRs and numbers of averages. The flip angle for all spectra

was 90.

There may be somes Weighting in the peak integrals at this lower TR which would be
problematic if absolute quantification of the metabolites was required. However,
comparing the ratios of the integrals of thedhd ATP peaks between scans can still
provide sufficient information on changes in cellular energetics. Providing the same
scan parameters are used throughout experiments, using a shorter TR will not

negatively affect the validity of the data.

Upon comparison, the acquisition parameters that give the spectrum with the best
gualitative appearance are a TR value of 200 ms with 4000 averagest Gasdeen
shown the NMR chamber can be used to collect NMR spectra on livatosilsneed

to be confirmed that these parameters are the most suited to monitoring

mycobacterial metabolism in response to treatment WBDQ
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4.4. HIGHRESOLUTION EXPERIMENTS

4.4.1.Lowresolution NMR versus higiesolution NMR

Highresolution NMR provides more detailed spectra thand@solution NMR as it
allows visualisation akcoupling.Jcoupling refers to an effect in which the signal from
a spinactive nucleus is split of due to througpond interactions with other spHactive

nuclei.

To explain this briefly, consider an example of a nucleus coupled to a single other
nucleus, both with I -. The magnetic field experienced by the first nucleus will be

impacted by whether the second nucleus is aligned with or against the applied

magnetic field. As the sample being studied will contain many molecules, both
possibilities will occur, resulting the signal of the first nucleus being split into two (a

pattern known as a doublet). If the first nucleus is coupled to two nuclei, there are

now three possible alignments for the two nuclei with regards to the orientation of

the magnetic field. In thiscenario, the signal from the first nucleus is split into three

LIS 1a8 SAGK | MYHYM NI GA2d CdzZNIKSNJ aLX AGUAY
rationalised using the same logic as above. For-apiive nuclei where | -, the

splitting pattern does not follow the rule given above, but coupling is much more
rarely observed. ®ond coupling is the most common tH NMR but}coupling can

also occur through 2 or 4 bonds.

As Jcoupling provides insight on the number of througbnd adjacent sphactive
nuclei, highresolution NMR spectra can provide more detailed information on the
structures of the substances being studied. In cases where the structure is known, this

extra inbormation makes the assignment of peaks in the spectra easier.

The widebore mode the NMR chamber was designed to work with is only suitable for
low-resolution spectroscopy. This is because the resolution is dependent on the
homogeneity of the magnetic field, with a high level of homogeneity needed for high
resolution spectra. This level of homogeneity cannot be achieved over the whole
sample volume in widdore NMR, thus highesolution spectra can only be obtained

on smaller samples. Oxygenation of a smaller sample is more challenging, especially
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as a higher density of cells would be needed to achieve the same signal strength as

could be acquired with a wideore setup.

While less suitable for studies on live, oxygenated cultures-t@gblution NMR can

be used to obtain reference spectra. During development of the NMR chambey, high
resolution NMR spectra of standard solutions of phosphorylated metabolites were
collected A spectrum of unoxygenatell. smegmatiscells was also acquired as

further proof of concept for using NMR to study mycobacteria.

4.4.2.Highresolution®!P NMR spectra of phosphorylated
metabolites

Initially, the aim of these experiments was to collect spectra of phosphorylated
metabolites at a concentration similar to that in the cell. A higbolution3P NMR
spectrum of ATP at a concentration of 20 contained only noise, likely due to the
low volume of sample required for higlesolution NMR combined with the low
concentration. As a much larger sample volume can be used in theboigelow
resolution mode, this is not cause for concern with regards to obtaining data on
phosphorylated metaboliteeoncentrations inside live cells. In order to ensure high
resolution data could be collected, the concentration of all phosphorylated

metabolites studied was increased to 20 mM.

The metabolites were dissolved in a buffer solution containing 25 mMT s
methane, 25 mM MOPS and 25 mMisCl and were made up to varying pHs to
demonstrate the influence of pH on the chemical shift of peaks in the spectra (figure
4.13). pH values of 6.7, 7.7 and 8.7 were selected for ATP, ADP andndlMdtues of

6.2, 7.2 and 8.2 were selected fori Pas the pKa value for
monoprotonated/diprotonated forms of s 6.8 (Slonczewski et al1981; Ackerman

et al., 1996)

172



ATP pH 6.7
——ATPpH 7.7
——ATPpH 8.7
| : J . [ :
5 0 5 -10 15 -20 -25
6 (ppm)
B
ADP pH 6.7
ADP pH 7.7
—— ADP pH 8.7
= A L T l T A T T 1
5 0 5 -10 -15 -20 -25
6 (ppm)
C
AMP pH 6.7
——AMP pH 7.7
—— AMP pH 8.7
5 0 5 -10 15 -20 -25
6 (ppm)
D
P,pH 6.2
—— P,pH7.2
—— P,pH8.2
|
T l - T T T T T 1
5 0 -5 -10 -15 -20 -25
6 (ppm)

Figure 4.B: Highresolution3!P NMR spectr§l62 MHz)of solutions of &) ATP, B)

ADP, ©Q AMP and) R at varying pHSs.

The splitting patterns allow assignment of the peaks, with the triplet in figurgAii

the -21 to -23 ppm region belonging to thie-phosphorus in ATP. This phosphorus
atom couples to the'- and /-phosphorus nuclei, resulting in three peaks in the

spectra. Thé - and* -phosphorus nuclei only couple to thephosphorus and not each

other, thus why they appear in the spectra as doublets.
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The peaks in the ATP spectra shift to the right as the pH decreases, with similar trends
being observed in ADP, AMP andgectra. For ATP and ADP, these changes further
aid the assignment of the peaks. Th@hosphorus in ATP and thephosphorus in
ADP are both bound to two oxygen atoms that can be protonated, while the other
phosphorus atoms in these molecules are onlyrtb to one oxygen that can be
protonated. The magnetic field experienced by thphosphorus in ATP and the
phosphorus in ADP aredhefore more affected by changes in pH, allowing the two to
be identified. The peak due to thephosphorus in ATP occurs betwe&mand-9 ppm
over the pH range studied, while the signal from thgghosphorus in ADP is the
doublet with a chemical shift betwee and-8.5 ppm.This leaves the peaks around
-11 to-12 ppm in the ATP spectra as being the signals fromAffieh -phosphorus
nuclei, while the peaks around1 to-12 ppm in the ADP spectra are the signals from

the ADP'-phosphorus nuclei.

Several small peaks due to impurities are visible in the ADP spectra between 4 and 0.9
ppm. As these peaks are present in all samples, they are likely due to some
degradation of the stock powder, with the chemical shifts being similar to those of
AMP and P These spectra provide a useful reference for assignment of peaks in
spectra collected from cells using both higdsolution and lowresolution NMR. They

also show the impact of pH on the chemical shift values of phosphorylated

metabolites and how thisauld be capitalised upon to determine the pH inside cells.

4.4.3.Highresolution®!P NMR spectra dfl. smegmatis

On the first attempt to acquire a higtesolution spectrum oM. smegmatiscells were
grown to exponential phase, washed, concentrated and resuspended in phosphate
free buffer in order to prevent a large signal in the spectrum from phosphate in the
media. This resulted in no peaks being visible in the acquired spectrum dikelp

the removal of media and carbon source resulting in the arrest of respiration. The
subsequent cell death meant levels of phosphorylated metabolites were depleted

early in thed4-hour course of the experiment.

The experiment was repeated, this time without washing cells and with the addition

of growth media prior to placing cells in the NMR machine (figuré)4The spectrum
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acquired contains a large peak at 1 ppm with smaller peaks visible in the 4 to 2 ppm
and-6 to-12 ppm regions. The peaks in tMe smegmatisspectrum do not clearly
match those of the isolated phosphorylated metabolite spectra. This forced
consideration of the state of phosphorylated metabolites in cells versus in buffer

solution.

In vivg ATP and ADP will chelate a cation, usually magnesium as it is one of the most
abundant metal cations in cells (Kleczkowski and Ilgamberdiev, 2021). This chelation
will affect the electron density, and thus the relative strength of the magnetic field,

around the phosphorus nuclei, impacting chemical shift.
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Figure 4.%: Highresolution®*'P NMR spectrurfl62 MHz)pf M. smegmatis cells with

a scaledup section to view peaks due to phosphorylated metabolites other than P
The peak atl1l ppm was assigned using data from literature (Slonczewski et al., 1981).
It is likely the peak from 4 to 2 ppm is due to a mixture of AMP and other

phosphorylated metabolites, possibly PMEs (Satre et al., 1989).

The isolated phosphorylated metabolite spectra were recollected with the addition of
40 mM magnesium chloride (figure &)1 These spectra were then compared to the
data collected fronM. smegmatisPeaks in the ADP spectrum collected at pH 6.7 with
magnesium chloride added match those-atppm and-10 ppm in theM. smegmatis

spectrum. The lack of a peak-20 ppm indicates there is little to no ATP present in
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the cells. This is likely due to the lack of sufficient oxygenation preventing ATP

production by oxidative phosphorylation over the course of the experiment.
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Figure 4.5: Highresolution3!P NMR spectrél62 MHz)of solutions of &) ATP, B)
ADP, ©Q AMP and) R at varying pHs, with all containing 40 mM magnesium chloride

to better mimic conditions inside cells.

The peak between 4 ppm and 2 ppm in thle smegmatisspectrum is in the same

region as the peak in the AMP spectrum at pH 6.7. A signal from AMP likely makes up
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part of this peak but the broadness suggests signals from other phosphorylated
metabolites may also be present in this region, possibly PMEs based on the chemical
shift (Satre et al., 1989). The presence of overlapping signals prevents the use of NMR
to quantify AMP inM. smegmatiscells. It is possible this could be resolved by proper
identification of these metabolites, followed by recording of reference spectra and

use of deconvolution techniques to determine the contribution from AMP.

While it is not possible to use higbsolution NMR to investigate antibiotic
mechanisms in live cells due to the oxygenation isswdthough it is possible a
perfusion system may be used to allow thises$e data provide a framework for future
NMR studies. The higiesolution reference spectra can be used to identify peaks due
to the individual phosphorus nuclei in ABRd ATP as a result of splitting patterns and

changes in chemical shift with pH.

4.5.FUTURE WORK

As discussed previously, development of equipment and methods to perform NMR
studies onlive bacteria was originally undertaken with the intention of using the
technique to aid in unravelling the mechanism of BDQ. As work with the bioenergetic
chamber progressed, it became clear the visilvlevelength remission spectra and
OCR measurements gerded using the chamber would be sufficient to prove and
explainthe immediate effects of BDQ binding to ATP synthdsge result of this is
that translation of the work outlined in this chapter into performifgP NMR
measurements on oxygenated cell euks was not achieved within the time
constraints of the project. However, there remains substantial potential for future
work, particularly on understanding the finer details of how BDQ affects the

phosphorylation potential in living cells.

Current research on the impact of BDQ on ATP levels in mycobacteria relies on quench
and measure techniques, as opposed to the live cell measurements that are possible
with NMR. Measurements of ATP/ADP ratios gnqpH using NMR would provide
further support for the direct ATP synthase inhibitiorode of action The NMR

chamber could also be used to investigate the effects of otherHRtilrugs that target



bioenergetics. This has the potential to be expanded further to study more bacterial

species.

The first step in implementing these ideas is moving onto performing NMR
experiments using the NMR chamber. Prior to collecting spectra on oxygenated cells,
the effect of using the airlift system to mix and oxygenate cultures on the quality of
the spectraobtained must be investigated. This could be done by using a standard
solution of a phosphorylated metabolite (i.e) Bnd comparing the peak width of the
signal obtained with and without bubbling air through the NMR chamber. As the air
bubbles in the chaber are introduced above the sample contained within the coil,
the air bubbles themselves should not impact the homogeneity of the magnetic field,
but too vigorous mixing could affect the quality of the spectra. If the peaks in spectra
obtained with bubbihg are noticeably broader than those without, then operation of
the chamber will need to be changed. Rather than using a continuous flow of air, a
change could be made to the system where air is bubbled through into the chamber,
turned off for the periodof one NMR scan and then restarted. As NMR scan time is
usually on the scale of milliseconds, this should limit disruption to the quality of the

spectra while ensuring cells remain oxygenated.

Once this has been resolved, the NMR chamber can be used to record spectra of live
cells. Quantification of phosphorylation ratios could be achieved by acquiring spectra
of phosphorylagd metabolites in buffer solution in the NMR chamber and using
deconvolution techniques to separate out signal contributions from ATP, ADP and
AMP. npH measurements could be made via inclusion of a reference capillary
containing a standard solution dePand comparing this to the signals frdAt and

Pec.

Having the means to conduct NMR experiments on live cell cultures has the potential
provide further insights into cells. The NMR chamber would be suitable for d&e in
MT experiments, providing a means of determining the rate of ATP production in live
cells. Studies on cell metabolism could be achieved W&EhNMR via the use &G
labelled carborsources. The same methodology can also be applied to the study of

other obligately aerobic bacteria of interest.

17¢



5. CONCLUSIONS

This thesis has dealt with the development of Aamasive techniques to investigate
bioenergetics in live mycobacteria. Vis#avelength remission spectroscopy is a
powerful tool for observing changes in cytochrome oxidation state, especially when

combhned with OCR measurements as is possible with the bioenergetic chamber.

In comparison to the more established Seahorse XF Analybesh is also used in the
norrinvasive study of live cellthe bioenergetic chamber allows for a deeper insight

into bioenergetic processes but does not render the Seahorse XF Analyser obsolete.
Both useoxygensensitive fluorescenc® measure theOCRof cells inliquid media,

with the advantages of this over using a conventional Clark electrode to measure OCRs
being discussed in section 3.1.2 (Ferrick, Neilson and Beeson, 2008; Chacko et al.,
2013;Rocha and Springett, 20L8oth also share the same disadvantage with regards

to mycobacterial researghn that they are not suitable for use with macrophage

infection modes.

The Seahorse XF Analyser contains a proton sensitive fluorophoaabd used to
monitor proton efflux alongsidexygen consumptiorfFerrick, Neilson and Beeson,
2008; Chacko et al., 2013). The bioenergetic chamber, however, records cytochrome
spectra, allowing an insight into changes in cytochrome oxidation sRaeha and
Springett, 2019 From this, if reference spectra ftne organism under study are
availableand it is possible to fully reduce and oxidise the cytochromes in the ETC over
the course of an experiment, Acan be determinedKim, Ripple and Springett, 2012
Analysis of data from the bioenergetic chamber is more involved and be can be
confounded by a greater number of factors, such as cell morphology and pigment
production or loss, compared with thBeahorse XF Analyser (Ferrick, Neilson and
Beeson, 2008; Chacko et al., 20R®8cha and Springett, 20L9hus, he Seahorse XF
Analyser is ideal if only monitoring of OCR and/or proton efflux is required. The
bioenergetic chamber is more suited to detailed studies of the oxidative
phosphorylationsystem especially if work on isolated proteins from the organism in

guestion is being conducted alongside live cell experiments.
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The bioenergetic chamber had previously only been used with mammalian cell
cultures, and thus a protocol for working wilh. smegmatisand M. tuberculosisvas
developed. To make physiologically relevant measurements required that
mycobacteria were grown in the right conditions and the cultisegablyprepared.
Inclusion of a detergent in media resulted in low susceptibilitylofmegmatigo the
protonophore CCCFhis was likely due to CCdlBsoling into the hydrophobiphase
created bythe detergent and lowering the effective concentration cells were exposed
to. Washing and resuspending cells in HEPES buffer solution prior to loading them into
the bioenergetic chamber effectively solved this issue, however it also resulted in no
effects beiry observed when cells were exposed to the ionophore nigericin, and in
variable changes in OCR depending upon the salt included in the buffer. Resuspension

in growth media witlout the inclusion of a detergent solved both of these issues.

The OCR oM. tuberculosiswas found to be significantly lower than that ™.
smegmatis indicating the slower growth rate ®fl. tuberculosiss related to a lower
respiratory rate as opposed to a less efficient system. Use of samples with a similar
ODyoo to that of M. smegmatissamplesresulted in the OCR dfl. tuberculosiscells

being too low to be reliably measured by the bioenergetic chamber. Growth of cells
to a higher Ok»o(>1) led to the presence of a haerontaining pigment in samples,

the absorbace of which overlapped with the those of the ETC cytochromes.
Therefore M. tuberculosigells were concentrated during the wash and resuspension

process to achieve a higher OCR.

Currently, there are a dearth of chemical effectors to modulate bioenergetic systems
in viva A set of known metabolic inhibitors and protonophores/ionophores were
investigated for activity againdfl. smegmatisusing the bioenergetic chamber. The
original hope for this work was to find an inhibitor or combination of inhibitors that
could be employed to fully oxidise the cytochromes in timgcobacteriaETC. When
combined with a fully reduced reference point and model mycobacteyi@chrome
spectra, this could be used to quantify changes in cytochrome oxidation asates||

as calculatechanges im A (Kim, Ripple and Springett, 2012 he NDF2 inhibitor,
TFPZ, was selected as the most promising candidate to oxidise the BWIC of

smegmatis Preliminaryn Ameasurements were made using CCCP to induce changes
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inn A however these expected changes were not observed imthérace produced
by the bioenergetic chamber. This led to the conclusion that either incomplete
oxidation of the cytochromes following treatment with TFPZ or errors in cytochrome
signal fitting/midpoint potential values were responsible and would need to be
rectified to allow quantitative cytochrome measurements. Due to difficulty in
obtaining isolated cytochrome reference spectia was decided data from the
bioenergetic chamber should be eraed qualitatively until a method for generating

accurate reference spectra is found.

Having aprotocol for preparing samples of mycobacterial cells for use with the
bioenergetic chamber, as well as a library of compounds that affect the oxidative
phosphorylation system of the model organidvh smegmatisenables many future
studies on mycobacterial bioenergetics. Previous studies have relied upon the
Seahorse XF Analy#8lark electrode working with simplified systems such as IMVs
or techniques that require lysis of celldgrds et al., 2013_amprecht et al., 2016;
Hards et al., 2018Warg et al., 2019;Mackenzie et al., 2030 None of these
techniques have been able to eldate the mode of action of the important antibiotic
BDQ inM. tuberculosis demonstrating the need for this new method of studying
mycobacteria. Thus, in order to showcase the potential power of the bioenergetic
chamber, theprotocols developed for studying mycobacteria using the chamlsze

F LILX ASR (2 GKS adGdzRe 2F .5vQa Y2RS 27F | OGA

Theeffectsof BDQon the mycobacterial oxidative phosphorylation system winst
explored inM. smegmatis When nanomolar concentrations of BDQ were added to
M. smegmatisreduction of theb andc cytochromes was observed alongside a slight
increase in OCR. Repeating this experiment with a mutant that harboured a point
mutation in the ering, which should render it resistant to BD@emonstrated these
effects are reliant on BDQ being able to bind to ATP syntfdseincrease in OCR on
BDQ addition toM. smegmatisand M. tuberculosishas been previously reported
(Hards et al., 2015;amprecht et al., 2016), and has been used as evidence for BDQ
acting as aprotonophore or ionophore (Hards et al., 2Q1Bards et al., 2018
However, the observation that this is accompanied rieguction of theb and c

cytochromesds novel.
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Use of the bioenergetic chamber allowed comparisoncbénges in cytochrome
oxidationand OCR on addition DQ versus the known ATP synthase inhibitor DCCD,

Fa ¢Sttt Fa 1y26y LINRPG2Y2LIK2NBKAZ2Y2LIK2NBaEX
most similar to those observed with DCCD, with a modest increase in OCR and
reduction of theb and c cytochromes occurring on addition of either compound.

Addition of CCCP and nigericin led to oxidation of theand c cytochromes

demonstrating they operate differently fra BDQ

The increase in OCR on B&r@QdCCddition iscounterintuitiveto the action of direct
ATP synthase inhibitort was hypothesised that this may be due to an increase in
activity of the nonproton pumping cytochroméd oxidase, which is less susceptible
to backpressure resulting from ATP synthase inhibition than the supercomflex.
similar theory hd previously been investigated by Lamprecht et al. (2Qi$ihg an

M. tuberculosiknockout strain(cydK@, however rather than lacking the genes for
cytochrome bd oxidase €¢ydAB, the strain used lacked the genes fon ABC
transporter @rora et al., 2014Aung, Berney and Cook, 2Q14&o differences were
observed when treatingydKQwith BDQ compared witM. tuberculosisi37R\so the
theory was discountedL@mprecht et al., 2096 Through experiments with 1.
smegmatispcydABstrain, this work was able to show the increase in OCR on BDQ
addition is due to increased electron flux through cytochrdodexidase as there is

a sharp drop in the OCR M smegmatigicydABcellswhen BDQ is added.

To translate these results to the real pathogen, the action of BDQ o 88hpatible
strains of M. tuberculosiswas explored Mc?6206 and mc?6230. BDQ has similar
effects on M. tuberculosisas observed inM. smegmatisalthough changes in
cytochrome oxidation state and OCR occur more slowly, with the increase in OCR
ultimately being of greatermagnitude. This can be explained by higher amounts of
cytochromebd oxidase being present in the ETC. Invartuberculosis€ytochromebd
oxidase knockout straiderived frommc?6230(M. tuberculosigicydAB, an increase

in OCR is observed with nanomolar concentrations of BDQ, althousylstitl lower

than that observed imc?6230 This may due to a difference in the utiligatiof NDH

1 versus ND#2 in M. tuberculosisand M. smegmatis Rerouting of electrons through
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the nonproton pumping NDF2 instead of the protospumping NDHL would achieve

a similar effect as routing electrons through cytochrobwoxidase.

There is a proposal that BDQ acts diffetgntvhen raised to micromolar
concentrations(Hards et al., 2018; Guo et al., 202thlerefore experiments withM.
smegmatisand M. tuberculosiswere repeated at micromolar concentrations. Few
differences were observed between the two concentrations, with the higher
concentration inM. tuberculosisresulting in more rapid but similar effects in the
mc?6230 strain and a decrease in OCR in the cytochrdidénockout strain. This
demonstrates BDQ acts predominantlyeagirect inhibitor of ATP synthase regardless

of concentration.

Prior to this work, the matter of whether BDQ acts as direct inhibitor of ATP synthase
or as a protonophore or ionophore had not been proven (Lamprecht et al., 2016;
Hards et al., 2018; Courbon et al., 2023). Due to the level of insight into live cells
provided by the bioenergetic chamber, the results summarised here and discussed
FdzNIGKSNJ AY OKIFLIWGSNI o LINPPGARS a2t AR S@OARSYyO:
inhibition. Precisely how this leads to bacterial cell death is currently still unclear, but
by establishing the mode of action of BDQ, the groundwork has been laid for future

research in this area.

In terms of the implications of having an established mode of action for BDQ, it
enables a more thorough evaluation of potential combination therapies (both with
existing and future antibiotigs In addition, this knowledgallows for theories on the
likely modes of action of secorgkneration compounds TBA37 and TBA376,
although further experiments with the bioenergetic chamber would be needed to
explicitly prove them.The finding that the increase in OCR on BDQ addition is
dependent on cytochrombd oxidase also highlights this complexagmtential target

for future antibiotics to be used with BDQ.

While the bioenergetic chamber provides a significant insight into live cells, it does not
give a complete picture of all bioenergetic proeessA thorough review of the
applications ofP NMR in live cell worla technique not yet applied to the study of

mycobacteriawas conductedwith the aim of applying this knowledge to the study
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of BDQ Of particular interestn its potential use to study the effects of BD€the
ability to monitor ATP/ADP ratios and measure changgplih A design for a chamber
that could be used to supply mycobacterial cultures with oxygen and sufficiently mix
them inside an NMR machine without compromising the quality of the NMR spectra
was developed based on the airlift systems found in literatuterotigh iterative
design, this chamber was realised and its ability to sustain growth Bf. amegmatis

culture was demonstrated.

Initial wide-bore 3P NMR experiments on an unoxygenated culturdobmegmatis

were performed to qualitatively investigate the most suitable acquisition parameters
to use with live cultures. Higtesolution NMR was used to acquire a detaittel NMR
spectrum of unoxygenate®l. smegmatiscellsand signals due to phosphorylated
metabolites were assigned using a mixture of reference spectra and data from
literature. In order for spectra of isolated ATP, ADP and AMP to resemble the signals
from cells, they mst be recorded in the presence mwiagnesium ionsgs in cells these
compounds chelatenagnesium This method of investigating bioenergetics was not
able to be applied to the mechanism of BDQ due to time constraints, but this remains

as a future possibility using the work presented here.

The suitability of the NMR chamber for use in performifi® NMR on live
mycobacteria has yet to be proven and the steps required for this are outlined in
section 4.5. Once this has been established, it is possible the NMR chamber could be
combined with the bioenergetic chamber to create a system that would allow
simultaneous measurements of OCR, cytochrome oxidation state and changes in
levels of phosphorylated metabolites. Such a system would be extremely powerful in
the study of live cells, however itssembly would not be trivial due to the issue of
being unable to have magnetic metals within theinvity of the NMR machine. Fig

optic cables could be used to allow the recording of remission spectra, with these
cables running through the lid of the NMR chamber and being held in place by the

upper plastic ring supporting the inner tube.

With the current design of the NMR chamber, addition of compounds to the culture

within requires disassembly of the apparatus. This is not ideal if the NMR chamber is
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combined with the bioenergetic chamber as it would mean data could not be recorded
around the time of each addition. This could potentially be mitigated by switching to
an NMRMRI machine with a larger space for samples, as this would allow
manipulation of the chamber while within the detection coil, as well as fitting a lid

with a port forthe addition of compounds.

Overall, the work presented here demonstrates both the power and challenges of live
cell methods for studyingnycobacterialbioenergetics. Use of live cells prevents
concerns over the impact of lysing cells on the systems under study, however it is true
neither of the methods discussed here, remission spectroscopy?¥htMR, could

be used to study mycobacteria within infected cells/organisms. Despite tthes,
strengths of the bioenergetic chamber were demonstrated through its use to
elucidate the mode ofction of BDQ, something that faot been achieved in the
G2 RSOIFRSa& aAy O Ssing KoBverfldwilzaahdd@Rdiies 6t2al) S NB
2005; Courbon et al., 2023P NMR remains a potentialeans offurther exploring

. 5vQa AYLI O asxsyidyigSriydoacteridl Boener§dtiés more generally.
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7. APPENDIX

232

Table 1.A Complete list of bioenergetic chamber experiments conducted after the

protocol of washing cells had been established.

Tween 80 culture
Exp no. Organism Strain Media %o Carbon source  ODgg, Compounds added Concentrations Date recorded Buffer
1 M smegmatis  JR128 THS 0.05 Glycerol 091 5 Trifluoperazine (TFPZ) 20 pM to 80 pM 150672021 20 mM HEPES, 150 mM NaCl
2 M smegmatis  JR128 THS 0.05 Glycerol 162 5 Trifluoperazine 200 pM to 800 ph 150672021 20 mM HEPES, 150 mM NaCl
3 M smegmatis  JR128 THS 0.05 Glycerol 244 5 Trifluoperazine 200 pM to 800 pk 150672021 20 mM HEPES, 150 mM NaCl
4 M. smegmatis  JR128 THS 0.05 Glycerol 207 5 Trifluoperazine 200 pM to 00 pM 160672021 20 mM HEPES, 150 mM NaCl
5 M smegmatis  JR128 THS 0.05 Glycerol 23 5 Thioridazine (TRZ) 180 puM to 540 pM 16/06/2021 20 mM HEPES, 150 mM NaCl
& M. smegmatis  JR128 THS 0.05 Glycerol unrecorded 5 Thioridazine 720 pM to 1080 pM 160672021 20 mM HEPES, 150 mM NaCl
7 M. smegmatis JR128  TH9 0.05 Glycerol 124 5 Rotenone, 3NP, TRZ 1 M, 1 mM, 360-1080 pM 01/07/2021 20 mM HEPES, 150 mM NaCl
B M. smegmatis JR128  TH9 0.05 Glycerol 226 5 CCCP, TPZ, 3NP 0.04-160 pM, 1080 uM, 1 mM 01/07/2021 20 mM HEPES, 150 mM NaCl
9 M. smegmatis  JR12B TH3 0.05 Glycerol 326 2.5 Rotenone, MaMal, TRZ 1 uM, 1 mM, 360-1080 pM 01/07/2021 20 mM HEPES, 150 mM NaCl
10 M smegmatis  JR128 THI 0.05 Glycerol 339 2.5 Rotenone, MaMal, TRZ 1 uM, 1 mM, 360-1440 uM 01/O07/2021 20 mM HEPES, 150 mM NaCl
11 M. smegmatis  JR128 THS 0.05 Glycerol 191 5 DCCD, CCCP 100-500 pM, 25 pM 16/08/2021 20 mM HEPES, 150 mM NaCl
12 M smegmatics  JR128 TH9 0.05 Glycerol 252 5 BDQ, CCCP, TRZ 150-1500 nM, 100 pM, 720 pM 16/08/2021 20 mM HEPES, 150 mM NaCl
13 M. smegmatis  JR128 THS 0.05 Glycerol 119 5 BDQ, CCCP, TRZ 4.5-885nM, 10-20 pM, 380 uM 1770872021 20 mM HEPES, 150 mM NaCl
14 M. smegmatis  JR128 THS 0.05 Glycerol 169 3 MIA: Glycerol only 10 pL of T0% G 17/08/2021 20 mM HEPES, 150 mM NaCl
15 M. smegmatis  JR128  THI 0.05 Glycerol 252 5 BDQ, CCCP, TRZ 150-1500 nM, 100 pM, 720 pM 17/08/2021 20 mM HEPES, 150 mM NaCl
16 M. smegmatis  JR128 THS 0.05 Glycerol 168 5 FCCP, TRZ 0.5-40 pM, 720 uM 07/09/2021 20 mM HEPES, 150 mM NacCl
17 M. smegmatis  JR128 THS 0.05 Glycerol 236 5 CFZ, TRZ 0.75-30 pM, 360 pM 07/092021 20 mM HEPES, 150 mM NaCl
18 M. smegmatis  JR128 THS 0.05 Glycerol 175 5 FCCP, TRZ 5nM - 20 pM, 360 pM DE092021 20 mM HEPES, 150 mM NaCl
19 M. smegmatis  JR128 TH3 0.05 Glycerol 23 5 CFZ, TRZ 0.73-273 nM, 360 uM 08/09/2021 20 mM HEPES, 150 mM NaCl
20 M. smegmatis  JR128 TH3 0.05 Glycerol 0.9 5 Nigericin, FCCP, TRZ ZnM - 20 pM, 1 pM, 360 uM 09/09/2021 20 mM HEPES, 150 mM NaCl
M M smegmatis  JR128 THI 0.05 Glycerol 177 5 Valinomycin, TRZ,Rotenone 5 nM - 100 pM, 360 pM, 2 pM V092021 20 mM HEPES, 150 mM NaCl
2 M smegmatis  JR128 THS 0.05 Glycerol 262 5 CCCP, TRZ 10 nM - 20 pM, 360 pM 092021 20 mM HEPES, 150 mM NaCl
23 M smegmatic  JR128 TH9 0.05 Glycerol 188 5 Antimycin A, TRZ 1-6 pM, 40 - 360 pM 16/09/2021 20 mM HEPES, 150 mM NaCl
24 M smegmatis  JR128 THS 0.05 Glycerol 27 5 BDQ, TRZ 4.5-18nM, 380 pM 168/0%2021 20 mM HEPES, 150 mM NaCl
25 M smegmatic  JR128  TH9 0.05 Glycerol 218 S Valinomyein, K2504 TRZ 1 pM, 500 uM, 380 pM 17/09/2021 20 mM HEPES, 150 mM NaCl
X M smegmatis  JR128 THS 0.05 Glycerol 179 5 BDQ, K2504,TRZ 4.5nM, 500-1000 pM, 360 pM ZTi092021 20 mM HEPES, 150 mM NacCl
2T M. smegmatis  JR128 THS 0.05 Glycerol 123 5 BDQ 30 nM 28092021 20 mM HEPES, 150 mM NaCl
25 M. smegmatis  JR128 THS 0.05 Glycerol 199 5 BDQ, TRZ 30 nM, 360-720 uM 28092021 20 mM HEPES, 150 mM NaCl
29 M. smegmatis  JR128 THS 0.05 Glycerol 1689 5 BDQ, TRZ 30 nM, 360-720 uM ZH092021 20 mM HEPES, 150 mM NaCl
30 M. smegmatis  JR128 TH3 0.05 Glycerol 219 5 Nigericin, TRZ 1 uM, 360-720 uM 29/09/2021 20 mM HEPES, 150 mM NaCl
M M smegmatis  JR128 THI 0.05 Glycerol 244 £ Valinoycin, TRZ 1 uM, 360-720 pM 2092021 20 mM HEPES, 150 mM NaCl
32 M smegmatis  JR128 THO 0.05 Glycerol 249 5 Gly only 70%, 10 pL 3N09/2021 20 mM HEPES, 150 mM KCl
33 M smegmatic  JR128 THO 0.05 Glycerol 292 S Migericin, TRZ 1 uM, 360-720 pM V02021 20 mM HEPES, 150 mM KCI
M M smegmatis  JR128 THS 0.05 Glycerol 1.1 5 BDQ, TRZ 30 nM, 350 pM 0171072021 20 mM HEPES, 150 mM KCI
35 M. smegmatis  JR128 THS 0.05 Glycerol 196 5 BDQ, TRZ 30 nM, 350 pM 0171072021 20 mM HEPES, 150 mM KCI
3% M smegmatiz  JR128 THI 0.05 Glycerol 243 5 Valinemyein, TRZ. 1-2 pM, 360 pM 01/10/2021 20 mM HEPES, 150 mM KCI
37 M. smegmatis  JR128 THI 0.05 Glycerol 3 5 Valinemycin, TRZ. 10 pM, 360 pM 15/10/2021 20 mM HEPES, 150 mM NaCl
38 M. smegmatis  JR128 THS 0.05 Glycerol 215 5 Gly and Pi solution 7% 10 pL and 25.9 mM ZH10/2021 20 mM HEPES, 150 mM KCI
39 M. smegmatis  JR128 THS 0.05 Glycerol 25 3 Venturicidin, TRZ 2.5-10 pM, 360 pM ZH10/2021 20 mM HEPES, 150 mM KCI
40 M. smegmatis  JR128 THS 0.05 Glycerol 315 3 Venturicidin, TRZ 10 pM, 360 pM 21062021 20 mM HEPES, 150 mM NaCl
41 M. smegmatis mc2155  THI 0.05 Glycerol 202 5 Gly, TRZ 10 pL (70%), 360 pM 2810/2021 20 mM HEPES, 150 mM NaCl
42 M. smegmatis  mc2155  THI 0.05 Glycerol 266 5 BDQ, TRZ 30 nM, 360 pM 28/10/2021 20 mM HEPES, 150 mM NacCl
43 M. smegmatis  mec2155  TH9 0.05 Glycerol 1.38 5TRZ 360-720 pM 291072021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
44 M smegmatic  mec2155  THO 0.05 Glycerol 222 5 BDQ, TRZ 30 nM, 360pM 29/10/2021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
45 M. smegmatis  mc2155  THI 0.05 Glycerol 251 5 BDQ, TRZ 30-1500 i, 360 pM 2910/2021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
46 M smegmatic  mec2155  TH9 0.05 Glycerol 1.36 5 Gly, TRZ 10 pL (70%), 360 pM 01/11/2021 20 mM HEPES, 150 mM KCI
47 M. smegmatis  mc2155 THI 0.05 Glycerol 185 5 BDQ, TRZ 30 nM, 360-720 uM 0141172021 20 mM HEPES, 150 mM KCI
45 M. smegmatis  mc2155 THI 0.05 Glycerol 24 5 HQNO, TRZ 10-200 pM, 360-720 pM 0141172021 20 mM HEPES, 150 mM KCI
49 M. smegmatis  mc2155 THI 0.05 Glycerol 252 S TREZ 360-720 pM 0441172021 20 mM HEPES, 150 mM KCI, 50 mM Gly
50 M. smegmatis mc2155  THI 0.05 Glycerol 34 5 BDQ, TRZ 30 nM, 360-720 uM 04/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gy



B8 M. smegmatis
89 M. smegmatis
7O N/A buffer only
71 M. smegmatis
T2 M. smegmatis
T3 M. smegmatis
74 M. smegmatis
75 M. smegmatis
T8 M. smegmatis
77 M. smegmatis
78 M. smegmatis
79 M. smegmatis
B0 M. smegmatis
81 M. smegmatis
82 M. smegmatis
B3 M. smegmatis
B4 M. smegmatis
B5 M. smegmatis
B8 M. smegmatis
B7 M. smegmatis
B8 M. smegmatis
B9 M. smegmatis
S0 M. smegmatis
91 M. smegmatis
92 M. smegmatis
93 M. smegmatis

mc2155
me2155
mc2155
mc2155
me2155
mc2155
me2155
mc2155
mc2155
me2155
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mc2155
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TH3
THI
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THa
TH3
TH3
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TH3
THI
TH3
TH3
THI
TH3
TH3
THa
TH3
TH3
THS
TH3
TH3
THS
TH3
THI
TH3
TH3
THa
TH3
TH3
THI
TH3
TH3
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TH3
THI
TH3
TH3
TH3
THS
TH3
THI
TH3
TH3
THa
TH3
TH3
THI

0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral

0.05 Glycerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0,05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glucose
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol
0.05 Glycerol

361
148
23
305
2
182
249
254
219

23
284
147
144
158
181
144
144
207
1.16

unrecorded
unrecorded
unrecorded
141

11

129

134

1.14

1.14
114
161
151
146
154
155
127
136

16
107
125
0.96
141
142
145
1.3
133

161
1.09
112
104
103
14
155
132
117

15

21

5 BDQ, TRZ
5 BDQ, TRZ
5 Venturicidin, TRZ
25 BDQ, TRZ
5 Venturicidin, TRZ
5 DCCD, TRZ
5 FCCP, TRZ
5 FCCP, TRZ
5 BDQ, TRZ
5 BDQ, TRZ
5 FCCP
5 FCCP
5 FCCP, TRZ
5 BDQ, TRZ
5 Venturicidin, TRZ
5 Venturicidin, TRZ
4 DCCD, TRZ
4 EtOH, TRZ
5 EtOH
5 EtCH
5 EtOH
5 EtCH
5 EtOH
5TRZ
5 DMS0, TRZ
5 TRZ
5 TRZ
5 EtOH, TRZ
5 EtOH, TRZ
5 BDQ in EtOH, TRZ
5 BDQ in DM30, TRZ
5 DCCD in EtOH, TRZ
5 DCCD in DMSO, TRZ
5 FCCP, TRZ
5 BDQ, TRZ
5 BDQ, TRZ
5 FCCP, TRZ
5TRZ
5 BDQ in EtOH, TRZ
5 Venturicidin, TRZ
5 EtOH, TRZ
5 DCCD, TRZ
5 TRZ
5 FCCP, TRZ
5 BDQ in EtOH, TRZ
5 DCCD, TRZ
5 EtOH, TRZ
5 Venturicidin, TRZ
5 BDQ in EtOH, TRZ
5 BDQ in EtOH, TRZ
5 FCCP, TRZ
5 DCCD, TRZ
5TRZ
5 EtOH, TRZ
5 EtOH, TRZ
5 Venturicidin, TRZ
5 BAM15, TRZ
5 BAM1S, TRZ
5 Migericin, TRZ

30-1500 nM, 360-720 pM
30 nM, 360-720 M

10 uM, 360 pM

30 nM, 360-720 M

10 pM, 360-720 pM
1-100 pM, 360-720 pM
1-5 M, 360-720 pM

1-5 pM, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
1M

1 pM

1-5 M, 360-720 pM
30-1500 nM, 360-720 uM
10 pM, 360 pM

10 pM, 360-720 pM

10 uM, 360-720 pM

10 pL, 360-720 pM
10uL

10uL

10 pL

10uL

10uL

360-720 pM

10-20 pL, 260-720 pM
360-720 pM

360-720 pM

10-20 pL, 260-720 pM
10-30 pL, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
10-50 pM, 360-720 pM
10-50 pM, 360-720 pM
1-5 pM, 360-720 pM
1.5-3 pM, 360-720 pM
30-2400 nM, 360-720 uM
1-5 pM, 360-720 pM
360-720 pM

30-1500 nM, 360-720 uM
10 uM, 360-720 uM
10-20 pL, 360-720 pM
10-50 pM, 360-720 pM
360-720 pM

1-5 M, 360-720 pM
30-1500 nM, 360-720 uM
10-50 pM, 360-720 pM
10-20 L, 260-720 pM
10 uM, 360-720 pM
30-1500 nM, 360-720 uM
30-1500 nM, 360-720 uM
1-5 pM, 360-720 pM
10-50 pM, 360-720 pM
360-720 pM

10-20 pL, 360-720 pM
10-20 pL, 360-720 pM
10 uM, 360-720 pM

1 nM - 15 pM, 360-720 uM
1-15 pM, 360-720 pM
1-5 pM, 360-720 pM

04#11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
05/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
05/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
051172021 20 mM HEPES, 150 mM KCI, 50 mM Gly
19/11/2021 20 mM HEPES, 150 mM MaCl, 50 mM Gly
1911/2021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
241172021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
2511/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
26/11/2021 20 mM HEPES, 150 mM KCI, 50 mM Gly
261172021 20 mM HEPES, 150 mM NaCl, 50 mM Gly
02/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
061272021 THY Mimic pH = 740, 50 mM Gly, no Fe or Cu
DEM272021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
06/12/2021 THS Mimic pH = 740, 50 mM Gly. no Fe or Cu
O7/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
07/12/2021 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
08/12/2021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
081272021 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THI Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
1800172022 Cells taken direct from culture:

18/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
18/01/2022 THS Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
1901/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
19/01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
20¥01/2022 THY Mimic pH = 7.40, 50 mM Gly

20¥01/2022 THY Mimic pH = 7.40, 50 mM Gly, no Fe or Cu
20¥01/2022 THS Mimic pH = 7.40, 50 mM Gly. no Fe or Cu
240172022 THY Mimic pH = 7.40, 50 mM Gly

240172022 THY Mimic pH = 7.40, 50 mM Gly

24/01/2022 THS Mimic pH = 7.40, 50 mM Gly

25/01/2022 THS Mimic pH = 7.40, 50 mM Gly

250172022 THY Mimic pH = 7.40, 50 mM Gly

25/01/2022 THS Mimic pH = 7.40, 50 mM Gly

28/01/2022 Cellz taken direct from culture

28/01/2022 Cells taken direct from culture

02/02/2022 THS Mimic pH = 6.60, 50 mM Gly

02/02/2022 THS Mimic pH = 6.60, 50 mM Gly

02/02/2022 THS Mimic pH = 6.60, 50 mM Gy

03022022 THY Mimic pH = 6.60, 50 mM Gly

002/2022 THS Mimic pH = 6.60, 50 mM Gly

0302/2022 THS Mimic pH = 6.60, 50 mM Gy

O7¥04/2022 THY Mimic pH = 6.60, 50 mM Gly

O7¥04/2022 THY Mimic pH = 6.60, 50 mM Gly

07/04/2022 THS Mimic pH = 6.60, 50 mM Gy

08/04/2022 THY Mimic pH = 6.60, 50 mM Gly

08/04/2022 THS Mimic pH = 6.60, 50 mM Gly

08/04/2022 THS Mimic pH = 6.60, 50 mM Gly

13/04/2022 THI (Sigma) pH = 6.60, 50 mM Gly
13/04/2022 THI Mimic pH = 6.60, 50 mM Gly

14/04/2022 TH3 (Sigma) pH = 6.60, 50 mM Gly
14/04/2022 THY (Sigma) pH = 6.60, 50 mM Gly
14/04/2022 THY (Sigma) pH = 6.60, 50 mM Gly

Sigma) pH = 6.60, 50 mM Gly
05/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly

23¢



110 M. smegmatis
111 M. smegmatis
112 M. smegmatis
113 M. smegmatis
114 M. smegmatis
115 M. smegmatis
116 M. smegmatis
117 M. smegmatis
118 M. smegmatis
119 M. smegmatis
120 M. smegmatis

121 M. smegmatis
122 M. smegmatis
123 M. smegmatis
124 M. smegmatis
125 M. smegmatis
126 M. smegmatis
127 M. smegmatis
128 M. smegmatis
129 M. smegmatis
130 M. smegmatis
131 M. smegmatis

132 M. smegmatis
133 M. smegmatis

134 M. smegmatis

135 M. smegmatis
136 M. smegmatis
137 M. smegmatis
138 M. smegmatis

139 M. smegmatis
140 M. smegmatis
141 M. smegmatis

142 M. smegmatis
143 M. smegmatis
144 M. smegmatis
145 M. smegmatis
146 M. smegmatis
147 M. smegmatis
148 M. smegmatis
149 M. smegmatis
150 M. smegmatis

LcydABAB THO
heydABAB THI
heydABAB THS
AeydABAB THS
LcydABAB THO
hoydABAB THS
AeydABAB THS
LcydABAB THO

mec2155

THS

AeydABAB THS
AeydABAB THS

mc2155

mc2155

mc2155

mec2155

mc2155

LB

LB

LB

LB

LB

ApED32V LB
ApED32V LB
ApED32V LB

me2155

mc2155

LB

LB

ApED32V LB
ApED32V LB

me2155

THS

ApED32Y THI
ApED32Y THI

mec2155
mec2155
me2155

mc2155

THS
THS
THS

TH3

ApED32Y THI
ApED32Y THY
ApED32Y THI

mc2155
me2155
mc2155
mc2155
mc2155
me2155
mc2155

THS
THS
THI
THS
THS
THS
THI

heydABAB THI

0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyeerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyeerol
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 %
Tyloxapol D-arabinose
0.05%
Tyloxapol D-arabinose
0.05 Glycerol

0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol

0.05 Glycerol + D-Ara
0.05 Glycerol « D-Ara
0.05 Glycerol + D-Ara

0.05 Glycerol + D-Ara
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral

A

1.4
13
1.4
1.1
1.6
112
1.01
0.88
074
1.16
065
088
108

117

132

15
141
112
11
121

12
1.04

1.1

119
068

08
0.88

0.66
1.1
1.08
1.29
157

1.9

3
23
22
3.2
21

5 BDQ in EtOH, TRZ
5 Venturicidin, TRZ
5 EtOH, TRZ

5 BAM1S, TRZ

5 BDQ in EtOH, TRZ
53 TRZ

5 DCCD, TRZ

5 Nigericin, TRZ

5 Valinomycin, TRZ
5 DCCD, TRZ

5 Venturicidin, TRZ

5 TRZ
5 EtOH, TRZ

5 BDQ in EtOH, TRZ
5 BAMMS, TRZ

5 BDQ in EtOH

5 BDQ in EtOH, TRZ
5 TRZ

5 BAM1S, TRZ

5 Venturicidin, TRZ
5 DCCD, TRZ

5 Venturicidin, TRZ

5 DCCD, TRZ
5 Oligomycin, TFPZ

5 EtOH, TFPZ

5 BDQ, TFPZ

5 Oligomycin, TFPZ
5 BAMI15, TFRZ

5 Piericidin A, TFPZ

5 BDQ, TFPZ
5 BAM1S, TFPZ
SVTR, TFFZ

5 DCCD, TFPZ
4 BDQ, BAM1S, TFPZ
4 BDQ, TFPZ
5 Nigericin, TFPZ
3.3 EtOH, TFPZ
4 BDQ, TFPZ
4 DCCD, TFPZ
33 TFPZ
5 BAM1S, TFPZ

30-1500 nM, 360-720 uM
10 uM, 360-720 M
10-20 pl, 360-720 pM
10 uM, 360-720 M
30-1500 nM, 360-720 uM
360.720 pM

10-50 pM, 360-720 ph
1-5 M, 360-720 uM

1-30 pM, 360-720 uM
10-50 pM, 360-720 ph
10 uM, 360-720 M

360-720 pM
10-20 pL, 360-720 uM
30-1500 N, 360-720 ph
10 uM, 360-720 uM
30-1500 Nt

30-1500 nM, 360-720 uM
360-720 pM

10 uM, 360-720 M

10 uM, 360-720 M
10-50 pM, 360-720 ph
10 uM, 360-720 uM

10-50 pM, 360-720 ph
1 M - 20 pM, 360-720 pM

20y, 360-720 pM

30-1500 nM, 360-720 uM
10 uM, 360 uM

10 uM, 360 M

1-20 uM, 360 UM

30-1500 nM, 360 M
10 uM, 360 uM
10 uM, 360 M

10-50 pM, 360 M

30 nM, 1-10 pM, 360 M
30-1500 n, 360 pM
1-5 pM, 360 pM

20 pL, 360-720 pM
30-1500 n, 360 pM
10-50 pM, 360 pM

360 uM

10 pM, 360 pM

12/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
12/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
13/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
17/05/2022 THS (Sigma) pH = 6.60, 50 mM Gly
17/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly
17/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
18/05/2022 THS (Sigma) pH = 6.50, 50 mM Gly
18/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly
18/05/2022 TH (Sigma) pH = 6.60, 50 mM Gly

19/08/2022 LB, pH = 7.20, 5 mM D-arabinose
19/0B/2022 LE, pH = 7.20, 5 mM D-arabinose
22/08/2022 LB, pH = 7.20, 5 mM D-arabinose
22/08/2022 LB, pH = 7.20, 5 mM D-arabinose
22/08/2022 THS (Sigma) pH = 6.60, 50 mM Gly
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
23/08/2022 LB, pH = 7.20, 5 mM D-arabinose
24/08/2022 LB, pH = 7.20, 5 mM D-arabinose
24/08/2022 LB, pH = 7.20, 5 mM D-arabinose
25/08/2022 LB, pH = 7.20, 5 mM D-arabinose

25/08/2022 LB, pH = 7.20, & mM D-arabinose
06/10/2022 THS (Sigma) pH = 6.60, 50 mM Gly

THS (Sigma) pH = 6.60, 50 mM Gy,
07/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
0711072022 5 mM D-Ara
10/10£2022 THS (Sigma) pH = 6.60, 50 mM Gly
10/10/2022 THS (Sigma) pH = 6.60, 50 mM Gly
10/10/2022 THS (Sigma) pH = 6.50, 50 mM Gly

7HS (Sigma) pH = 6.60, 50 mM Gly,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara

THS (Sigma) pH = 6.60, 50 mM Gy,
11/10/2022 5 mM D-Ara
03/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
04/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
04/11/2022 7HS (Sigma) pH = £.50, 50 mM Gly
04/11/2022 THS (Sigma) pH = 6.50, 50 mM Gly
11/11/2022 THS (Sigma) pH = 6.60, 50 mM Gly
11/11/2022 TH (Sigma) pH = 6.60, 50 mM Gly
11/11/2022 THS (Sigma) pH = 6.50, 50 mM Gly
17/11/2022 THS (Sigma) pH = .60, 50 mM Gly

234



151 M. smegmatis
152 M. smegmatis
153 M. smegmatis
154 M. smegmatiz
155 M. smegmatis
156 M. smegmatis
157 M. tuberculosis
158 M. tubercudosis
159 M. tuberculosis
160 M. fuberculosis
161 M. tuberculosis
162 M. tuberculosis
163 M. tuberculosis
164 M. fuberculosis
165 M. tuberculosis
166 M. fuberculosis
167 M. tuberculosis
168 M. fuberculosis
169 M. tuberculosis
170 M. tubercudosis
171 M. tuberculosis
172 M. tuberculosis
173 M. smegmatis
174 M. smegmatis
175 M. smegmatis
176 M. smegmatis
ATT M. smegmatis
178 M. smegmatis
179 M. smegmatiz

180 M. smegmatis
181 M. smegmatis
182 M. smegmatis
183 M. smegmatiz
184 M. smegmatis

185 M. smegmatis
186 M. tuberculosis

187 M. smegmatis

188 M. smegmafis
189 M. smegmatis

190 M. smegmatis
191 M. smegmatis
192 M. smegmatis
193 M. fuberculosis
194 M. smegmatis
195 M. smegmatiz
196 M. smegmatis
197 M. smegmatis
198 M. smegmatis
199 M. tuberculosis
200 M. tuberculosis

AcydABAE THD
AcydABAE THD
AcydABAB THI
AcydABAB THI
AcydABAB THI
me2155  THI
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
me26206 THI +L +P + OADC
me26206 THI +L +P + OADC
mec26206 THI + L + P + OADC
me26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L +P+ OADC
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
mc26206 THI +L +P + OADC
mec26206 THI + L + P + OADC
me26206 THI +L + P+ OADC
mc26206 THI +L + P+ OADC
mc26206 THI +L +P+ OADC
AcydABAB THI
AcydABAB THI
AcydABAB THI
AcydABAE THD
AcydABAE THD
me2155  THI
me2155  THI
mc2135  THI
mec21535  THI
me2155  THI
me2155  THI
me2155  THI
mc2155  THI
mec26206 THI +L +P + OADC
me2155  THI
me2155  THI
me2155  THI
mc2155  THI
mec21535  THI
me2155  THI
me26206 THI +L +P + OADC
me2155  THI
me2155  THI
mc2135  THI
AcydABAB THI
AcydABAB THI
mec26206 THI +L +P + OADC
me26206 THI +L +P + OADC

0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral

0.05 Glyceral

0.05 Glyceral
0.05 Glyceral

0.05 Glyceral
0.05 Glyceral
0.05 Glycerol
0.05 Glycerol
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glyceral
0.05 Glycerol

MiA

16
12
159
16
23
1.1
0.38
318
318
435
435
i1
in
in
077
082
178
077

o7
0.88
0.68

12

15
0.8
12

25

5 BDQ, BAM1S, TFPZ
5 EtOH, TFPZ
5 Valinomycin, TFPZ
5 Migericin, TFPZ
S TFPZ
S CHQAD
10 BAM1S
5 TFPZ
5 BDOQ
5 CHQAD
5 CHQAD
14 CHQAD, 3MP, TFPZ
14 70% Gly
14 70% Gly
20 70% Gly, BAM15, Na25204
20 70% Gly, BAM15, Na25204
20 70% Gly, BDQ
30 BDQ, TFPZ
30 BAMIS, TFRZ
30 Nigericin, TFPZ
30 DCCD, TFPZ
30 EtOH, TFRZ
5 BDQ, TFPZ
5 BAM15, TFPZ
5 EtOH, TFPZ
5 DCCD, TFPZ
S Migericin, TFPZ
5 BDQ, TFPZ
5 BDQ, TFPZ

5 BDQ, TFPZ
5 EtOH, TFPZ
5 Nigericin, TFPZ
5 BDQ, TFPZ
4 EtOH, TFPZ

5 Migericin, TFPZ
30 Valinomycin, TFPZ

5 BDQ, TFPZ

5 Nigericin, TFPZ

4 BDQ, K2504, TFPZ
BDQ, NaZS04, Migericin,

4 TFPZ

5 Na2504, Nigericin TFPZ

5 BDQ, Migericin, TFFZ

80 TFPZ

5 BDQ, BAM15 TFPZ

5 BDQ, K2504, TFPZ

4 BDQ in DMS0, TFPZ

10 BDQ in DMS0, TFPZ

5 BDQ, TFPZ

30 BDQ, BAM1S, TFPZ

30 BDQ in DMS0, TFPZ

30 nM, 1-10 pM, 360 pM
20 L, 360-720 uM
1-30 uM, 360-720 uM
1-5 pM, 360 pM

360 M

0.1-32.8 pM

10 uM

360 uM

30-1500 nM

0.4-2 uM

212 pM

2-12 pM,_ 50 pM, 360 pM
10l

10l

10 uL, 10 uM

10 uL, 10 uM

10 pL, 30-1480 nM
30-1500 nM, 360-720 uM
1-20 uM, 360-720 uM
1-5 pM, 360 pM

10-50 pM, 360 pM
10-20 pL, 360 pM
30-1500 nM, 360 uM

10 pM, 360 pM

10-20 pL, 360 pM
10-50 pM, 360 uM

1-5 uM, 360 pM
30-1500 nM, 360 pM
30-1500 nM, 360 pM

30-1500 nM, 360 pM
10-20 pL, 360 uM
1-5 M, 380 pM
30-1500 nM, 360 pM
10-20 pL, 360 pM

1-5 UM, 360 pM
10-60 pM, 360 uM

30-1500 nM, 360 pM

1-5 M, 360 pM
1500 nM, 2-18 mM, 360 ph

1500 nM, 4-32 mM, 1 pM, 360 |
4-32 mM, 1 pM, 360 pM

30 nM, 1 pM, 360 pM
360-720 uM

1.5 M, 10 pM, 360 pM

1500 nM, 2-16 mM,360 ph
10 uM, 384 pM

10 pM, 360 pM

1.5 uM, 360 pM

120 nM, 5-20 uM, 360-720 M
10 pM, 360 pM

17H1/2022 THY (Sigma) pH = 6.60, 50 mM Gly
17H1/2022 THY (Sigma) pH = 6.60, 50 mM Gy
1811142022 THE (Sigma) pH = 6.60, 50 mM Gy
18111/2022 THE (Sigma) pH = 6.60, 50 mM Gly
18/11/2022 THE (Sigma) pH = 6.60, 50 mM Gy
18/01/2023 THE (Sigma) pH = 6.60, 50 mM Gy
03/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly,
10/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly,

Le
LP
10/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P
LP

1202/2023 THY (Sigma) pH = 6.60, 50 mM Gly,

13022023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P
20/02/2023 THY (Sigma) pH = 6.60, 50 mM Gly, L, P

20/02/2023 TH (Sigma) pH = 6.60, L, P
20/02/2023 TH (Sigma) pH = 660, L, P
24/02/2023 THS (Sigma) pH = 6.60, L, P
24/02/2023 TH (Sigma) pH = 6.60, L, P
2710202023 TH (Sigma) pH = 6.60, L, P
10/03/2023 THE (Sigma) pH = 6.60, L, P, 0.4% Gly
10/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
16/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
17/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
24/03/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
28/03/2023 THY (Sigma) pH = 6.60, 50 mM Gly
29/03/2023 THY (Sigma) pH = .60, 50 mM Gly
29/03/2023 THY (Sigma) pH = £.60, 50 mM Gly
14/04/2023 THE (Sigma) pH = 6.50, 50 mM Gly
14/04/2023 THE (Sigma) pH = 6.60, 50 mM Gy

THO (Sigma) pH = 6.60, 50 mM Gy,
18i04/2023 6.5 MM K2504

TH3 (Sigma) pH = 6.60, 50 mM Gy,
18/04/2023 6.5 mM K2504

THY (Sigma) pH = 6.80, 50 mM Gy,
18/04/2023 6.5 mM K2S04

THO (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 mM K2504

THO (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 MM K2504

TH3 (Sigma) pH = 6.60, 50 mM Gy,
21/04/2023 16.5 mM K2504
25/04/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly

THS (Sigma) pH = .60, 50 mM Gy,
28/04/2023 36.5 mM K2504

THO (Sigma) pH = 6.60, 50 mM Gy,
26/04/2023 36.5 mM K2504
09/05/2023 THY (Sigma) pH = 6,60, 50 mM Gly

09/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
09/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
09/05/2023 THY (Sigma) pH = £.60, 50 mM Gly
10/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
12/05/2023 THE (Sigma) pH = 6.60, 50 mM Gly
12/05/2023 THE (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
27/05/2023 THY (Sigma) pH = 6.60, 50 mM Gly
31/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
31/05/2023 THY (Sigma) pH = 6.60, L, P, 0.4% Gly
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